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ABSTRACT

The concept of utiiizing sound waves as reflectors for pulseg
Doppler racar as a means for measuring winé veloclty, turbulence,
and alr temperature has been examined theoretically. Any
extension of the initial and successful, small scale experims its
performed by Midwest Research Instituts to a practicel system
for atmospnheric probing is snown to rejuire a change in tne
operating concept of the acoustic system. This change involves
the abandoning of the concept of cocherent reflection reinforce-
ment from a muitiple wave train and the substitution cof
reflection “rom a single acoustic shock front with the introduc-
tion of conerent integration cf the pulsed Doppler radar signal.

A preliminzrv cxperimental approach to a practical system is

ep s &
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. INTRCDUCTICN

1

The use of radar to detect metecorolcoglcal disturbances is now

juite commonplace. Weather fronts can be observed, wind dis-
turbances behind a front carrying numid air off the ocean upward
and mixing with relilatively dryer air are clezarly visible under
some conditions}/;—-the protlem of "ar .:1s" and clesr air turbu-
lence detecticn by radar are b2ing stuuiced with sonme success.gﬁ;iﬁ/
Back scattering Irem turbulence and precipitation are being used

tc study storms and evaluation of wvertlical winds in storm centers.
In storm centers radar is refliected from the interfaces where
gross difference in refractive index exlsts between air and water
or ice particles. 1In the study of weather {ronts and turbulence,
use 1is made of the much smaller index variations caused by changes
in density as between warm and cold air, moving andé stationary air
in turbulence or between dry ari humid air These variations in
index though small amount to several ,i-units, i.e., several parts
per million in the 1ndex of refraction of air whicnh itselfl is of
the order of 1.000,320 .

The present study considers the use of a sound wave as a refllecting
surface. Such 2 surface has the great advantage of being available
yjon ccmmand &nd having a relatively large area oriented exactly

or nearly in such 2 way as to focus the reflected radar beam back

toward the receiver. Unfortunately, a sound wave vihich can be
tolerated by personnel and bullildings in the vicinity of the sound

source can provide a change in index of refracticn wn_.ch is small
compared witn the changes associated with normal variations
oceurring naturally in the atmosphere. Near the source sound
levels nigher than about 150 db would not be tolerable; these
weuld create index variations of about 10 N-units.
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As sound waves propagate away from the source, they decrease in
amplitude because of divergence of the sound, ncrmal absorption
of sound as heat in the atmosphere, and because of excess absorp-
tion caused by finite ampiitude losses when large sound waves

are used. All of these factors limit the amount of sound which
can oe propagated any great distance {rom the source. 1In order
to observe sound waves which travel 2 miles or more from the
source it appears necessary that the radar system be able to
detect changes in index of refraction which are small compared
with an N-unit.

The fact that a sound wave gives a large, substantially coherent
surface from which to reflect radar aids in making possible the
detection of its sma2ll change in index of refraction.

Pioneering theoretical and experimental work on the EMAC probe
carried on by Midwest Research Institute has shown the feasibil-
ity of this tool for measuring wind velocity. Experiments have
checked well with theory.

In summary, the efforts of MRI have been directed toward over-
coming the limitations of the small change in index of refraction
associated with a sound wave by using a train of many waves and
obtaining coherent reinforcemen. of the reflections from the
individual waves by matching the radar and acoustic waves accord-
ing to the equation '

- {
A, = A, (1.1)

vhere ke is the electromagnetic wavelength Aa is the acoustic
wavelength.

T g i s s "’ﬁ?‘
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With an exact wavelength match, a reflection with zero phase
change cccurs at each index rise and a reflection with 180° phase
change cccurs at each index fall along the wave train, Thus, a
train of 100 waves gives the effect of 20C mirrors. If coherence
is maintained throughout the entire train of n waves the net
reflected power will be n2 times the power from 1 wave or 4n2
times the power from 1/2 of a sinusoidal sound wave.

The advantage of coherent reinforcement resulting from a train of
waves 1is indeed inviting, but it has serious limitations in a real
atmosphere with wind, turbulence, and other inhomogeneities. It
is necessary that the wavelengths of radar and sound match accord-
ing to Eg. 1.1 to within 1/4 Aa over the full length of the train
in order to obtain the n2 advantage. Such a match made at any
location generalliy will neot remain a match as the sound train
passes into a region of different temperature or a region wvnere
wind changes the sound ground speed.

Thus, in order to obtain a match at a new location the radar
frejuency must be alitered so that the radar wavelengtn tracks
the sound wavelength at the location of the reflection.

This, at best, involves complicated tracking circuits and recguires
expenditure of some tracking time for the optimization of tne radar
frequency. Inherent in the fact that the alir is generally turbu-
lent and otherwise inhomogenecus is the concomitant fact that the
acoustic wavelength along a wave train will not be constant and

in general thz2re will be no one radar frejuency which can satisfy
the rejuirement for wave matching over more than a very limited
wave train length. The seriousness of this limitation increases
with the inhomogenelty cf tne air being studied.

" £ LI W -
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ncSphnere being studied
the wave train should not be more than several feet long. In
order that sucnin a wave train contain many wavelengths the waves
must be short. Midwest Research Institute used an acoustic sig-
nal of 22 ke for which the wavelength was approximately 1/2 inch.
For such a beam the length of 100 waves 1is only 50 inches, a very
reasonable length permitting fine detail in atmospheric probing.
However, sound at this high frejuency and small wavelengfh is
rapidly attenuated in air. In their experiments, measurements
could not be carried beyond about 93 feet.

Calculations in Section 4.43 show that the experimental system
used by MRI was very nearly optimized for the acoustic frejuency
used, and that no increase in range may be expected by increas-
ing the size or power of the acoustic source. Some gain might
be secured {from an increase in radar power but at 100 ft the
acoustic wave had a sound level of the crder of 100 db and
decreased so raplidly that within a few feet it would be at the
noise level expected in a turbulent atmosphere.

The present study extends the concept expliored by iRI, and con-
siders the use of individual snoc¢k fronts as the reflector for
the rader signal, since such shcck fronts can be made to propa-
gate and maintain useful intensity for ranges of several

thousand {feet. This study indicates the direction which should
be taken in developing the ZMAC Probe into a practical tool.

-if-
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1.1 Statement of th

ssawra s

The present study of the parameters governing tne operation of
the ZIMAC Probe has been motivated by the need for the measure-
ment of the atmospheric conditions at distances remote from the
measurement position on tne ground. Specifically, this study
1s directed towards measurement of wind and temperature in the
atrospnere as an ald in weather observation and as an aid in
aircraft and missile guidance provlems where sucnh detailed
information within a range of a mile or two from the source is
needed on a substantially instantanecus and continuous basis.

1.2 Atmospnerig, Parameters of Interest
AN

In additiam tc the measurement of wind it is desirable to measure
or an‘least to obtain gualitative description of the wind shear,
turgqulence, humidity, and temperature variation tnroughout this
f2ald of search. Tne present study considers the possibility

of observing these parameters with the EMAC Probve.

1.3 ieans for Remote [ieasurement

Conventional technijues for remotc measurement of wind veloclities,
such as the visual observation of free valiloons or clouds, and
radar interception of chaff or naturally occurring inhomogenei-
ties in tne atmosphere nave serious limitations arising either from
the delayed response cr the relatively small and highly unpredict-
able region wnich may be covered by such measuring techniques. It
is desired to pbe adle o measure the wind velocity at any height
and in any direction from a fixed observation point in a substan-
tially continuous manner in order that the total wind field in

the vicinity of the measuring point can be determined completely.

\n
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Several means for indirect probing of the atmosphere are under
consideration by various agencies. A good discussion of these
probing methods has been published.é/ They include the use of
infra-red radiomestry, optical lasers, and radar of several types
including ccherent pulse Doppler radar. All of these depend

upon observing particles, inhomogeneities or density irregulari-
ties in the atmosphere. Interpretation of the reflected signal

in many cases can give significant information concerniné the
nature of irregularities causing the reflection and about their
motion in the atmosphere. However, since these irregularities

are random in nature and since there is no control over their
position, the detailed measuring of atmospheric parameters
throughout the region surrcunding the measuring point 1s generally
incomplete and therefore the mapping of such parameters necessarily
involves large extrapclation of the observable data. This process
gives insufficient accuracy for many purposes.

Wind velocity and turbulence can be measured by obtaining radar
reflections from density irregularities in the atmosphere or
solid particles such as rain, snow, chaff and fog suspended in
the air. Such measurements approximate the motion of the air
since the particles qbserved foilow the metions of the air
fairly accurately if their size is less than 1 mm in diameter.
In some instances the observed obJjects are dropping through the
alr at speeds which are large compared with the velocity of the
air itself. Chaff, which is light and can f2ll slowly, has
limited application since it must be carried to a position
above the pcint of observation and allowed to drift at the mercy
of the elements hopefully into the reglon of interest.




1.4 EMAC Probe Technique

The electromagnetic acoustic (EMAC) probing method provides a
reflecting surface wnhich moves through the atmecsphere with ¢he
speed of sound sltered only by variaticns in wind speed and

alr temperature, The reflected signal carries information by
which the speed of the sound wave can be determined in the
direction of the radar beam. By combining the informaticn gained
from reflected signals in various directions it appears'possible
and practical to calculate, not only the speed of the wave in
tne direction of the radar but to deduce the actual wind speed
and directicn, as well as to determine the air temperature and
estimate the amount of turbulence existing in various regilons
within the range of the system.

The use of radar to observe or interrogate vibrgting media,
surfaces, or objects is not new. Basic patentsg/reading on tne
art of detecting and measuring the velocity or vibration of air,
liquids, or solid objects were issued on disclosures made during
World War 1II.

The application of this art to the specific problem of measuring
wind velocity by reflecting radar pulses from intense sound
waves as described in reports by Midwest Research Institut 7,8,9,10
demonstrates the feasibility of the process. Comparison of the
theory and the experimental resuits indicates that as yet the
theoretical limitations on the useful range of the velocity
measuring technique have not been approached. This report pro-
vides a theoretical discussion of the parameters influencing the
optimization of the range and sensitivity of the =EMAC Probe. 1In
particular, theory and experience available regarding acoustic

wave propagation in the atmosphere and the more subtle {inite

-7-
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amplitude phenomena associated with the propagation of sound
waves of large amplitudes indicates that the range of the

EMAC Probe can be greatly extended by proper choice of the
acoustic wave parameters.

The electfromagnetic acoustic probe as described by Midwest
Research Institute has proved successful out to distances
approaching 100 ft but the extension of 1its useful range rejuires
significant changes in its operating parameters. The cheice of
high frequency sound waves 1s its greatest limitation. A suffi-
clently large reduction of the frequency, howvever, results in
such long acoustic wavelengths that it becomes impractical to
use a radar wave which is comparable in length with the acoustic
wave and still maintain the degree of beam definition which is
necessary for fine scanning and analysis of wind and turbulence
structure, Thus, the radar wavelength must be kept relatively
short compared to the acoustic wavelength.

This change appears at first to imply that the reflection
coefficient for the acoustic wave will drop severely, but it

is possible to utilize a sawtoothed sound wave which has a

steep leading edge. This will have the reflectivity of a pressure
discontinuity less than 1 ft in thickness. Such a discontinuity
will act as a good reflector for a radar wave o the order of

2 ft in length, i.e., a 400 megacycle frejuency.

The use of a long acoustic wave necessitates abandoning the
concept of coherence between acoustic wave fronts. This loss,
however, is not as serious as may appear from theoretical con-
siderations of ideal wave propagation ccnditions. Such coherence
would be effective only in homogeneous air masses which are of
small interest and highly improbable in a real atmosphere

-8-
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outside of the laboratory. It is more realistic to substitute
coherent integration between radar pulses since the radar speed
is substantially unaffected by the atmospheric variationz of
wind turbulence, etc., and within the time interval of 50 radar
pulses {repetition rate of 3000 pps) the sound wave will travel
only 15 ft and the wind and turbulence velocities will c¢omain
substantially constant over all points within the radar beam
cross section. By this means, full advantage can be taken of

a fifty pulse coherent integration. 3uch a change in operating
technique will more than make up for the loss in potential gain
from multiple wave reflection. This mode of operation will also
eliminate the need for frejuency variation in the radar which
was required to match lengths between radar and acoustic waves.
The use of a fixed radar frequency will eliminate cne search
dimension and permit the more rapid accumulation of data and
the more thorough search of the dimensions which are of direct
interest.

The results of the present analysis show that an EMAC Probe
system employing proper sound pulses can provide a substan-
tially continuous sweep scan of the hemispherical atmospheric
region arocund the observation point and provide a relatively
complete map of the wind velocity and turbulence in this region
out to a distance of about 2 miles. The ultimate range will
depend primarily upon the weather conditions, the amplitude of
the sound waves permitted at the source as determined by

community and personnel considerations, and upon the sensitivicy
of the radar receiving system.

-
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2. RADAR REFLECTION COEFFICIENTS
2.1 Reflection From & Sharp Dielectric Dlscontinuity

The simplest case of reflecticn of electromagnetic waves is by a
plane discontinuity in the index of refraction n. A change in n
is "sharp" if i1t takes place over a distance short compared with
one quarter of the electromagnetlic wavelength. For reflection

at normal incidence, the Fresnel formula {or refliectfed powexr gives

P n, - n.\°
r 1 (0] (

= | (2.1}
Fy (nl ‘”‘o)

where P1 » Pr are incident and reflected radar powers respectively
ny , Ny indices of refraction on oppcsite sides of the discontin-
uity.

Irn the atmosphere, n 18 nearly unity and the variatien in n
obtainable with usa2ble pressure discontinuities 1is so small com-
pared with unity that E3. (2.1) can be replaced by the simplex
form '

P 2
_.£=(.§.E) 2.2
Pi \ 2 ( )

2.2 Reflection From Gradual Dielectric Variations

For a gradual change in n, reflection of the radar will occur
at a2ll points in the region of varlation. 3Since, as the radar
wave progresses, its phase changes from point to point, the

=10~
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reflected contributions of esch point must be added in proper
phase to obtailn their sum. This requires determination of the
reflected electric field in order to determine the reflected
power, rather than zalculation of the power directly. The
reflected wave 1is found by replscing the continuously varying
n{x) [Fig. 2.1a] by a series of steps {Fig. 2.1b].

The Fresnel formula for the electric field amplitude reflected
from each step dn{x) 1is

jag. | = Ei(x; dn(x} (2.3)

By allowing the incident electric field amplitude Ei(x) to vary
with x, we can take into account effects cf different pulse shapes
as discussed 1n Siegert and Goldstein.lé/ For an electromagnetic
wave have a wavelengthn N the electric fleld contribution
reflected from point X has a phase of 2(2ﬁx/ke) relative to the
contribution reflected from x = O, Thus, the amplitude and

shase of dEx 13 given by

Eigx) dn(x)
x 2

exp [-kvix/he] (2.4)

As éx —» 0, the sum of the reflected contributions from all
elements, dx, betwean Xg and xl, can be expressed as the integral

-1l
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n
r'1 E.(x) roo g
-~ P _ dmix | \
E, = > exp vl dn{x)
n
0
X1
_§f Ix Eifx) exp {- 5 dx (2.5)
yd € 4
0
1f multiple reflections are neglected. The reflected power

is the square of the magnitude of the reflected E Tield.

There are many combinations of pulse shape and index of rcefraction
variations which are of interest. Ve will consider a few of these
special cases below.

Case A. Radar pulse length infinite (I, = const).
In this case Eq. (2.5) becomes

x
"““fl [ 4
__ui dn . ix . z
E, = ?rjx I ©xP L- } dx {2.5)
o)

A sub-case of Case A ié that of linear variation of n from
n, to n, over a distance & as shown in Fig. 2.2.

In this case

- X~ + b
By 6n G [ &wmx ] .
=3 T sp | -5 ] ax
“0
B, G A Lyix [
= = exXp - l—exp - (20 f)
Bri Y 7\e } t (‘ 7\e |
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or

2
P 6n° [ sin (ETA,/?\G)] (2.8)
= 2.
L

(2mt/A))

The value of 4Pr/{Pi(5n)2} is plotted vs. A/Ae in Pig. 2.3,

This gives the reflection coefficient relative to that for an
infinitely sharp shock. For 8 < Ae this case reduces to that
of the sharp discontinulty discussed in Sec. 2.1.

The variation in n shown in Filg. 2.2 and used in calculations
above has two "sharp"™ edges at x = X, and X = x_ + A . The
interference between these edges produces maxima and minima in
the reflection coefficient as shown in Fig. 2.3 We can also
calculate the reflection frem shocks with one or zero sharp edges.
A shock with one sharp edge at x = 0 and the other rounded such

that

n = no x<90

(2.9)
n=n_ + 6n [1 - exp {~x/4)] x>0

for which the shock width is defined by A. For this variation
in n, the power reflection coefficient is

n 2 2

T (—) (2.10)
Pyo\2/ 146 a2\2

n

which 1is also plotted in Fig. 2.3. This curve does not show the
maxima and minima of Eg. (2.8) but falls off as (Re/A)a as does
the average value for wide shocks described by Eq. 2.8.

-13-
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10/
Friend=— has calculated the reflection from index of refraction
changes with no sharp edgss. He considers a change, of "width"
48, of the form

n=n, +on XRAIEAL (2.11)

for which the reflection ccefficient 1is

2 948/A
) sn/e - (2.12)

which '1s also plotted in Fig. 2.3. The reflection from this
shock falls off much more rapidly with shock thickness than the
reflection trom the shocks with either one or two "sharp" edges.

This fzct may be of practical significance in regard to reflection
from acoustic shcck waves. The ieading edge of the shock front,
at which the density begins to rise, appears experimentally to be
much sharper than-the crest of the wave at large distances from
the source. This matter is discussed in more detail in Sec. 4.43.

Case B. Finite radar pulse length

To show the importance of the radar pulse shape, we will consider
a linear variation in n extending over all space. Thus %% = gonstant.
In this case Eq. (2.5) becomes

o0
1 dn 4y .
Er =3 EE[ E1 (x) exp [- - x] dx (2.13)
-® e
14~
— T — - - - - A g, . ‘——’,- k2 'm@ﬁ:‘“&m
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Since the radar pulse length 1s (inite, Ei is zero at the lower
and upper limits end we can integrate (2.13) by parts obtaining

dE 1
, Ern% %—2- K-‘ﬁ%_j{ El'- exp [- u;::xjdx (2.1“)

Siegert and Goldstein consider the case of a trapezoldal pulse
as shown in Pig. 2.4. Por this pulse

dE
== C except fer D < x < aand b < x < (b + a)

so Eq. (2.14) becomes

s [ .
1dn "o e - Lbrix 4aix !
Er=§ ?TTE‘[/ e,\p[- )‘e]dx-jl; exp [- )‘e]dxj
(2.15)
Integrating gives
E. A ; ,
E, ’%%‘a—?’ (Ti-ze-r)2 [1 - exp‘(- 42&)}[1 - exp (- 5;—22)] (2.16)

int.

which results in a reflected power P,= IErl2 of

- \2/E \2 7 4
P, = 1]-"- (%) (EQ) (72%) sin® (%:—a-)sina (7\-2?) (2.17)
-15-
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Writing this with the notation of Case A gives

P (5n)2 sin (2ma/A ) 2ra_ ey 2
4 2mb
Pr =7 [727'3. /xe)e] [2313] [Si" T;] (2.28)

In actual practice, a pulsed radar will probably be used to conserve
power, to produce minimum interference with the reflected signal,
and permit the measurement of the range of the acoustic wavefront.
Then Eq. (2.18) shows that if A>b>a, the maximum reflection will
occur for a value of a as small as possible and a value of b ejual
to an odd multiple of xe/a. Siegert and Goldstein also show that
for a smooth radar pulse (not a trapezoid), the reflection is
greatly decreased if a>>he. This 1s analogous to the difference
snown in Fig. 2.3 between sharp and smooth variations in n.

The use of pulsed radar thougi useful, for reasons sited above,

will involve some loss in returned signal. It can be seen from

a comparison cf Eqs. 2.8 and 2.18 that a radar pulse of any shape
gives less return signal intensity than a2 continuous radar wave

from a gradual change of index in which A>>Ae. It can oe similarly
shown that changing the radar pulse shape cannot ennance the reflec-
tior. from a "sharp” change in n. For the type of variation of n
shown in Fig. 2.2, the reflected E field described by Eg. (2.5)
becomes

A
E, =-j25 g‘g[ E; (x) exp [- u;\"ix] dx {2.19)
(]

e

In the case of AKKA,, the exponential in Eq. {(2.19) is almost
constant and the maximum reflection results for any shape pulse
with its largest amplitude vetween x = 0 and x = &, Thus, chang-
ing the pulse shape will not change the reflection from a sharp

variation in n.
-16-
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In the following sections we will caleulate the reflection from
different forms of variaticn in n. The pulse shape will not
affect these results significantly and the radar signal will be
taken as an infinite wave train for simplicity of calculation.

2.3 Reflection From a Sinusoidal Wave Train

The normal incidence reflection from a train of plane sine waves
has been calculated by means of a transmission line analogy.ii/
A more direct derivation makes use of the methods of Sec. 2.2.
With a constant radar pulse amplitude, Eq. (2.5) becomes

E %
-E-I-' = %— gg’—{ exp [- l&;:ix] dx {2.20)
1 X, e

For a train of N sine waves of wavelength Aa’ we have

n=n,+ 6n.sin er/ka for 0<x <N Ra (2.21)
n =n, otherwise
Putting
r%:%ﬁn cos%;f‘-for 0<x<NA (2.22)
4
ds
k 3% = 0 otherwise

-17-
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2 oamdem N ln AN .o -
1ivso \C.aV] EAVED
NA
E a /
m™wn 2mx unix)
E_ = T co8 —— €xp - dx (2.23)
i )‘a j )‘a K )\e
o]

The peower reflection coefficlent 1s the absolute square of this
ratioc. This reflection coefflicient has two different forms
depending on whether ke = 2 Aa cr not.

Case 1 A, =227

e a

In this case the power reflection coefficlent is

P (8 %2 2
1

The power reflectad increases as the sjuare of the number of
wavelengtns in the train. However, it is important to realize
that this expression is valid only if the radar and acoustic
waves remain in phase tnrcughout the entire length of the train.

Fluctuations in phase and amplitude of the accustic wave cccur be-
cause of propagation tnrough innomogensities in the atmosphere.
The radar wave 1s affected mucn less ty inhomogeneities than is
the acoustic wave and conscjuently £he acoustic and radar waves
may get out of phase seriously even within the length cf the
acoustic wave train,

-18-
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Case 2 A, # A,

In this case the power reflection coefficient is

sin 27 N\l - )
Fr_ 1% (5n)% 2 Re (2.25)
P, 2% .25
2T N (l - T)
_ \ e/

The valuer? of P,/P, for values of A, about 2\  are plotted in
Fig. 2.5 for two values of N.

It 18 apparent that the reflection coefficient drops to zero when
the phase difference between acoustic and radar waves increases

to ™ over the wave train. Equation (2.25) represents a diffraction
pattern whose height increases as N2 and whose width decreases as
l/Ne. The height of the secondary maxima in Fig. 2.5 is at least
13 4b below that of the principal maximum. The results show the
effect of a deviation from ke = 2xa but do not show the effect of

phase fluctuations in the acoustic wave train.

2.4 Normal Incidencé Reflection from a Train of Plane Shock Waves

In this case we take n(x) as shown in Fig. 2.6.

The power reflection from each steep wavefront will be

A

P 2
r 5n

-19-
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as calculated in Sec. 2.1. The power reflection from 2ach
sloping portion of the wave will be

2
P sin 2mA_/A
r 6n.< a é) (2.27)

Py =7 2mh /A,
as calculated in Sec. 2.2 and plotted in Fig. 2.3 (A takes the
place of Aa in Fig. 2.3). It is apparent that the power reflected
from the more gradual slope can be neglected compared with that
reflected from the steep leading edge if Aa is comparzble with or
iarger than Ae/2. Therefore in considering a train of shock
waves, we need only consider the leading edges of the shocks.

From Eq. (2.20) for a train of N shocks, we find

N A
E—f = %5 Z exp \-141rim i) (2.28)
m=0
For N >> 1, there will be strong reflection if 2xa/xe = S where
s is any integer. This is to be contrasted with the condition for
reflection from a train of sine waves where strong reflection can
be obtained onliy when 2Aa/Ae = 1.

For the shock waves

p .2
f’f =(§2_> N2 (2.29)

-20-
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The maximum useful wave tralin lengih is still limited to that
for which the waves remain in phase. For the traln of shock
waves, we must have NA, = Nske/e to within about xe/h. Ir
product Ns is much greater than one, this requirement is very
stringent and will probably prevent coherent reinforcement in
a wave train. In this case the reflection, on the average,
will be approximately equal to that from a single shcck front
and there will be no enhancement of the power reflection due
to multiple shock waves.

2.5 Normal Incidence Reflection From One Plane Shock Wave

We have already seen that PP/P1 = (5n)2/H for reflection from
one plane shock. It is now necessary to calculate 5n as a
function of the shock strength. For shocks that are not too
strong, density and pressure are related adiabatically

<2

dp _ d
E? = ?g (2.30)

where ¥ = the ratio of specific heats.
The index of refraction n is related to density by

n-1 P . 7D
For weak shocks in air,
~ - i 5%p o
5n = (no 1) ¥ 5, (2.32)

-21-
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Since Pr/Pi depends on (6n)2, the reflection coefficient will
depend on the square of the shock strength. Since the shock in-
tensity is proportional to (6p)2 also, the curve of reflection
coefficient vs. shock intensity will be linear. For typicsal
atmospheric conditions of p_ = 1000 millibars, T = 159 ¢., and
R.H. = 65%, the index of refraction n, = 1.00032. The curve of
reflection coefficient vs. shock intensity is plotted in Fig. 2.7.

when n, differs from 1.000320 the reflection losses as given in
Fig. 2.7 will change. Such change in ng results from changes
in absolute humidity and from changes in pressure primarily due
to altitude. The gross magnitude of such changes in N units and
the corresponding effect upon the radar reflection in db for
typical air masses as a function of altitude 1is shown in Fig. 2.7a.
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3. VARIATION REFLECTION DUE TO INHOMOGENEITIr-S

ket
2,

3.1 Wavefront Deformation Due to Atmospheric Inhomogeneities

The distortion of the acoustic wavefront caused bty large scale
atmospheric inhomogeneitles such as steady wind, wind shear, and
temperature gradients can be calculated using geometric acoustics.gﬁ/
The locatlion of a point on the wavefront is given by

t .
T = j[ (2 + V) at (3.1)
)
where a = sound velocity
V = wind velocity

3.11 Wind direction and magnitude

If the temperature and wind velocity are constant in the region
considered, then a and V can be taken outside the integral giving

T = (a+V)t (3.2)
This is shown in Fig. 3.1 B for V/a = .1

The wavefront 1s a spnere whose center is located a distance Vt
downwind from the source.

3.12 Wind Shear

Consider a wird in the x-direction whose magnitude depends cn z.
A sound ray vwill propagate as shown in Fig. 3.2.

-22-
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The gsournd op a 15 a_w:ya cLrected

- -~

)
£2

¢ along the ray and the wind
speed V 1s always along the x-axis. Definirg ¢ as the angle the
ray makes wiih the x-axls, and considering only motion in the

x-z plane, the ejuations for tne path of the ray are

%% = a sin @
(3.3)
%% =a cos 9 + V (z)

As the wave progresses 9 changes.

Equation (3.3) can be solved by successive approxirations taking

v — - !
X=X, X ... (3.4)

€L
]
w
+
o4}

dzo 5
'a-,E— = a sin o
(3.5)
dx
—2 -z cos 9
dt o)

with the solution
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N
li

at sin ¢
(o]

(3.6)

»4
I

]
at cos o

corresponding to a ray in the direction 90 . In the first order

¢juations, we can set cos 6; = 1 and sin 91 = 91 since V/a << 1
so that
dzl R
g =2 8 cos b
(3.7)
x4
= =-2a% sin 6 _ + V (zo)

Ejuations (3.7) can be solved most easily by first neglecting &
and then correcting for it using

1

dz dz
Tt T
tan 6 = tan (9_ +6,) = & = T (3.8)
0 1
T taET

For the winds V{z) used in this section, the terms involving

9, in Eq. (3.7) will be smaller than the term V(z) and wilil in-
valve only a small correction to Xy and Zq. This can be made
more explicit by considering various types of wind.

-25-
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Constant Wind Shear

In this case Vx = Gz and the ray equations become

dz1

T =0

dx1

T = Gzo = Gat sin 90 {3.3)

with solution

[N
]

= e
zo at sin .

Lo’

8 Gat S 2}
x =X, + %X =at cos 8 +=— sin 8 (3.10)

The ray paths are found by eliminating t from (3.10) giving

2
s Gz
x =z cot 8 + oy 7 (3.11)

The wavefront configuration as a function of time is found by
eliminating 90 from (3.10) giving

x = \[a2t2 -2 4 B2 (3.12)
Equations (3.12) is plotted for a wind shear of G = (.2'/sec)/ft

in Fig. 3.3. It is apparent that the acoustic wavefronts are no
longer spherical but are slightly blunt nosed downwind and increase
in deformation with range. The terms involving €, in Eg. (3.7)
can now bYe calculated. Equation (3.8) gives

-26-




Bolt Beranek and Newman Inc.

a sin 9_ tan 90
tan 8 = —=3 T F Tat sin 9 * YT FCt tan g

(3.13)
tan 60 + tan 91
tan 9 = tan (60 + 91)=‘1 - tan 60 tan ©

1
which gives

— 2 )
6, = - Gt sin 6, (3.14)

Thus the correction terms in Eq. (3.7) are always less than the
term V(zo). Since the distortion as shown in Fig. 3.3 is not

very large, there will not be much error in using Eq. (3.9) instead
of Egq. (3.7).

Turning ¥Wind

A turning wind assumecd to have a veloclty increasing steadliy
with height will have a sinusoidal var‘ation in velocity with
height wnen projected on the xz plane as

z
Vk = Hz sin B

in which H is a constant relating to wind strength and b is a
constant relating to the tightness of turning. The wind profile
is showvn in Fig. 3.4 for one vertical plane. The ray equations

becomes

dz

1 _
g =0
dxl . at sin 90 \
5= = H at sin 8, sin 5 (3.14)
-27-
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The solution 3is

z = at sin 90

at sin 9
X = at cos 60 4 HbD [~t cos -—~B——_9
b at sin 90 ]
- —_—Y f2 15
+ a sin 90 Sin D \J.l,)
The ray paths are
~zcot 8 4 _Hbz in 2. cos Z | (3.16)
X = Z CO JO "—"‘-'*——--—a sin UO Sin 1Y co 1) 3.1

and the wavefront configuration is glven as a function of t by

x=\a2t2-22+Hbt [z—sing--coszg] (3.17)

These results are blotted in Fig. 3.1 for b = 1140
Hb = ,02 a = 23'/sec. The wavefront has some dents but remaiag
almost spherical.

3.13 Temperaturse gradients

The sound Speed, a, depends on the temperature, T, through the
reliarion

a = g/yRT (3.18)

where y = C /Cv’ R = ges constant

-28-
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ey U= a, + =a thea

Lz 1 AT
ta 1 AT (3.19)
a, 2 TS

ta is gilven as a function of AT in Teb' 3.1 for T, = 27°cC.

- 1%c. 2%. 5%. | 10%. | 20%. [ s0%.
Az 1.81/sec | 3.7'/sec|{9.2'/sec|18.4Ysac|37*/sec|G2!/sec
Table 3.1

To {ind the ray paths and wavefronts we make use of the analogy

with geometric optics.gﬁy Since tne spe2d of propagation at any

point is independent of the dirsction of propagation, we can

define an effective "lndex of refrzction," n =2 /a =1 - 8a/a.

In the atmosphere, temperaturs varies primarily with height so

vie can take n = n {z). As in geometri. optics, we can use Snell's
3

law of refraction to obtain thz ray r:th. Consider a ray in the

At each interfsce, 3nellis law states that

cos 9, = 33 cos 9., = T, cos 34 etc. (3.20)

These relations hold regardless of the number of liayers and we
nave the general eguation

n(7) cos 6(z) = constant = cos &_ (3.21)
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The ray paths and wavefront shapes can be found by integrating
Equation {3.21) and using the fact that a wavefront is a surface

of constant acoustical path length from the source.

Ccnstant Temperature Gradient

For this temperature distributlion, we have

(W
.
(A
n)

Sy

for “emperature decreasing wlth height.

Sinze n {2} > 1 , the ray will have no burning points for whizh

0 ae - N
9 = 0 as is seen from 23. {3.21). The ray paths and wavsfront
shapes can be found exactly through integration of Ej. {3.21) usin

dz .
tan § = o= (3.23)

but since Gz/QTo << i, it will be simpler to so0lve e;iuations
similar to {3.3) approximately. The ray ejuations are

. a a
E% = =2 sin 6 =::3 \/52 - cos® 90
n n-
] (3.24)
dx a cos J
I = =2 cos 6 = “9"“75“9
n n
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b
o]
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dz
at o)

€,

]

3
:4-'

- = g COoS

at o ’s)
The soliution is

z = aOt 3in €

wihich 1is valid for ——

ray paths

X = z cot 8
e o

u
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n (aot sin 90) in E3. {3.24%) gzives

ot

P i
(bin 90 ]

<< sin 60 . Eliminating ¢t gives the

(3.27)

3
L TO sin 90

Sliminating 9 gives the wavefront configuration as a function of

b
il
="
bt
!
N
[ PR

The wavefronts are

Gz 2 1. 2.2 -
A -T; FA -*gagt) {3~<8)

plotted in Fig. 3.5 cor G = 1°c/zoo* .
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3.14 wWavefront Roughening by Turbulence

The distorted wavefronts considered in Sec. 3.11-3.13 and ploctted
in Fig. 3.1, 3.3, 3.4, and 3.6 are all fairly "smooth." The dis-
tance over wnicn significant changes occur in the rays or wave-
fronts is much larger than the acoustic or radar waveiength. It
is this property which allowed us to use the geometric acousties
approximation, For propagation in a turbulent atmosphere, however,
the temperature and wind speed will vary almost randomly over
shorter distances {although still larger than a wavelength}. Sinc
b

o

Turbulence 1s 2z randem phenomencn, its effect can be predicted on
a statistical manner. Charnovéa/is an excellent reference on wave
propagation in turbuience. UWe wilil refer to his work frejuently
in the feollowing sectlons. Propagation through turbulence will
cause the ampliltude zand phase of 4 wave to deviate from thelr
values for propagation in a homogenscus medium. Since a wavefront
ig & surface of constant phase, knowledge of the phase fluctuatiocns
will determine the distortion of the wavefront., I the fluctua-
ticons are small, the ampiltude of the wave will be approximately
the same as in a homogeneous meéium. Thus, for our purposes, phase
flucfuations zre much more important than amplitude fluctuations.
The phase of the wave, ¥ , is defined by writing the wave amplitude
{a plane wave in this case) in the form

L

p{r, £) = & ({T) exp [-1{wt-kx) + 1¥(T)] 3.29)

where &« = freguency
k= zafka = Wavenumber
A (T) = empiitude

Por a homecgeneous medium, ¥ = C and for the case of iscir
turbulence <¥> = U where { > denotes average value,.

<t
3
"
()
e}
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Tre mean local speed of propagation 1s <a)> + <V> while the
instantaneous speed of propagation is a + V. We ¢an define
a "turbulence strength" i as

a + Vr
wras, Lt {3.30)

‘4nere Vr is the component of V in the direction of propagation.
From this expression # is a random function of position with
average value zero and is glven approximately by

1 A7

where 4V, 4T are the differences Vr - <V>r , T - <T>. The phase
fluctuations in the wave are determined by the space corrslation
funection, N(?1,'Fé), of the turctulence defined as

(7. T = < T- r.,)> {3.32

(Fys Fp ) = <k (F)) b (F,) (3.32)

For homogeneous turbulencz N (?l,'??} = N (rl - T,} and for

isotropic turbulence XN {f1 - 72} = N{r) where r = ‘?1 - ?ﬂi.

The functional form of N{r) is nof well known, but there usually
ist

exists a2 correlation distance, s, such that E{r) is very smal

for r > s. This correlation distance can be associated with the
scale of the turbulence. For many of his calculaticns, Chernov
a Gaussian corrslation function for B sc¢ that all possi-
ormation is given by the valiues of \h2> and s. Cherncv

uaticns {or a pliane wave but most of his

a5sumes

)

bizs in
considers the phase fluct
results are cjually applicabie teo tne cass of a spherical wave.
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There are two dimensicniess parameters which are important for
determining phase fluctuations. The first is ks or 2ns/xa s The
ratio of the turbulence scale to the acoustic wavelength. While
the inner scale of turbulence may extend down to centimeters,
most of the turbulient intensity 1s found in larger scale inhomc-
genelties. Golitsyn, Gurvich, and TatarskiilZ/found that most
turbulence has a scale of between 100' and 10,000'. 3ince the
smallest turbulence produces the greatest wavelront distortion,
vwe wlll choose s = 100'., For acoustic wavelengths considered
(114 cps; Aa = 10t} the ratio Ews/Ra >> 1. The second dimension-
less ratio 1is callad the wave parameter d and is given by

d = ’-}R/ks = —5
S

"
W
.
W)
Y
N

wnere R 1s the distance of propagation through the turbulent

medium. Physically, @ is the ratio of the size of the Tirst Fresnel
zocne to the scale of the turbulence. For ka = 10' , s = 100! , we
find

4 = R
- I56CT

so that small R corresponds to @ << 1 wnile large R corresponds to
d >> 1. With a Gaussian correlation function for i, Chernov finds
for the mean sguare phase fluctuationég/

B - 21 ‘fi«z% SR
A

a

1, -
14 I tan * 4) (3.34)

For the case 4 << 1.
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42 /7 <> s R

2
<’»” > = )\g (3.35)
a
while for d >> 1
2 .2
WS =& ‘/z'-gq‘ 25 & (3.36)
a
In these cases the rms phase fluctuatior varies as
. v SR
Vems ~ Hrms —7\;—— (3.37)

The R dependence of grms is the same regardless of the form of the
correlation function. In addition to the mean square phase fluctua-
tion <$2>, we are interested in the correlaticn distance of the
phase fluctuations along the wavefront. Chernovlg/found that the
correlation distance for phase fluctuations is approximately the
same as the correlation distance for turbulent fluctuations. In
fazct, with a Gaussian correlation function for turbulence, the
correlation function for phase fluctuations 1s also Gaussian with
exactly the same correlation distance. Thus, the effects of turbu-
lence on the acoustic wavefront are given in Eq. (3.34} - {3.37)
together with the fact that for phase fluctuations, the correlation
distance along the wavefront is s. To get an order of magnitude
estimate of <ﬁ2>, we can substitute Aa = 10', 8 = 100', K .01
giving

o

Ims

~35-

e




TS

Bolt Beranek and Newman Inc.

. R 1 , .
&rms =~ C BT V;; wnere range is in ft

For urmw = ,001

Vemw = \J'EU?UUU = 5%6' \(g-

so vrms may be large or small depending on K

rms

Essentlally the same results may be obtained from a highly simpli-
fied model of propagation in turbulence. Consider the propagation
of sound through a turbulent eddy c¢f size s and turbulent wind
strength AV. Some parts of the wavefront are speeded up by AV
while other parts, within a distance s, are slowed down by AV.
This difference in velocitlies obtains for a time s/a producing a
distortion in the wavefront which may be considered as a phase
fluctuation. The 31ze of the phase fluctuation is

. e _2r , S _ 2w s &V
Mms * o Tx VF=IR (3.37)

where 4x 1s shown in Figure 3.7.

In traveling a distance R, the wavefront passes through R/s such
eddies. Since the direction of each wavefront distortion is ran-
dom, the problem of finding the total phase f{luctuation is a
random walk problem. For a sejuence of N fluctuations of A&y each
in rancdom directions, the rms total deflection is A&y \(N. The
final result for <$2> is thus
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2. 4p® s R _-[av)e 4r° <l s R
<> = —TI;'Q"S——<<'§") > = I fg> = (3.38)
a ‘a

which has the same functional dependence as Egs. (3.35) and {3.36)
and differs only by a numerical factor between 0.9 and 1.8.

3.2 Reflection From Deformed Wavefronts
3.21 Single Wavefront

The radar beam will be incident on a certain region of the acoustic
wavefront. Thils region can be characterized by its location, area,
orientation, curvature, and roughness. This section will consider
the conditions affecting the reception of a reflected signal but
will not consider the interpretation of the information carried by
the signal. To study the effects of wind, temperature, turbulence,
and humidity, it is necessary to first lock at the reflection from
an acoustic wave propagated in a completely homogeneous, isotropic
atmosphere (no wind, constant temperature, no turbulence). The
wavefront will be a smooth sphere of radius, ta, centered at the
acoustic source which is assumed to be co-located with the radar
antenna. According o either gecmetric optics or wave theory, the
entire radar signal reflected from the wavefront will return to
the antenna. This follows from ray theory because all rays strike
the wavefront at normal incidence and retrace their paths when
reflected. According to wave theory, the acoustic wavefront is
also a surface of constant phase for the radar signal. The sclu-
tion of the wave equation then gives a transmiftted diverging
spherical wave and a reflected converging spherical wave. Since
the transmitting antenna has a finite area, the reflected signal
will not focus to a point but will couver an area at least eg-al

to that of the antenna.
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Any deviation from homogeneity or isotropy in the atmosphere will
change the wavefront characteristics from those of a smooth sphere
centered at the antenna. A steady wind will keep the wavefront
smooth and spherical but will cause the center to move. Wind shear
will cause the curvature of the wavefront to change as will tempera-
ture gradients. Turbulence will cause the wavefront to become rough
(because of phase fluctuations). In thi. section we will consider
radar reflection from the types of distorted wavefronts cdiscussed

in Sec. 3.1.

Steady Wind

The wavefront in a steady wind V 1s a sphere of radius ta whose
center 1s a distance Vt downwind from the source. The wavefront
still acts like a spherical mirror but the antenna is nc longer
at the center. This 1s seen in Fig. 3.8.

® is the angle between the wind and direction of search and

V sin ¢
0 = —3 — (3.39)

using the approximation V <K a which is certainly valid. Ths
reflected beam comes to a focus at a distance 2Vt from the antenna
(t = time at which the radar reflects from the wavefront). A1l
rays within the radar beam width wilil be fcocused at the image
therefore increasing the beamwidth will not increase the image
size significantly for such a spherical reflecting surface. The
reflection of a finite-width radar beam from a curved wavefront
precduces essentlally tne same result as reflection of a single
radar ray (no beam width) from a plane wave¢front whose nernal
makes an angle ew with the incident ray.
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If the diameter of the antenna 1is D then the dlameter of the
image will be at least D. Examination of Fig. 3.8 shows that
the reflected beam passes within a distance 2Vt sin ¢ of the
antenna. Thus if D > 2Vt sin ¢ , part of the reflected beam
will fall on the antenna. Expressine t in ferms of the range
R, the condition becomes

r {2 i
H)._Y_.g_.g.i). (3.40)

If this condition is not satisfied, then no reflected signal
(to this approximation) will be received. This condition is
too strict, however, since the reflected beam usually has a
finite width at its closest approach to the antenna, making
the area of the beam at that point much greater than that of
the antenna. Also, as we will ses in the discussion of reflec-
tion from "rough" wavefronts, the reflected signal will ccver
an even larger area if there is turbulence in the atmosphere.

The same results for the reflected si_i.al obtained above using
geometric optics, can be obtained using the wave thecry. The
wavefront may be regarded as an aperfure which 1s illuminated

by tne incident radar beam. The pattern of the signal reflected
from the wavefront is known for the case 9w = 0 where the wave-
front 1s a surface of constant phase. VWhen aw # 0, the relative
phase of the radar wave varies linearly with distance along the
acoustic wavefront which is acting as a mirror (the linear varia-
tion hclds approximately if the illuminated portion of the wave-
front is not too large). Silvergg/ has shown that if the
relative phase distribution on an aperature differs by a linear
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function of distance from that on an aperture with a known radiation
pattern, then the pattern of the new aperture is identical to tnat
of the old aperture but rotated thrcugnh a constant angle. In this
case the reflected beam makes an angle 29w with the incident beam
which agrees with the relatior obtained using geometric optics.

Wind Shear, Temperature G -idients

These two conditions affect the wavefront by displacing it, changing
its orientation, and changing its curvature. Tne results of changes
in location and orientation have been considered above and in this
part we will consider only effects of curvature.

At any poinv, che wavefront has two principal radii of curvature.
For reasonable values of wind shear and temperature gradient, both
these radii of curvature are approximately equzl to the range R.
The beam sent out from the antenna will be focused at a point be-
tween the effective wavefront center and the wavefront if range 1is
greater than the radius of curvature. If range 1is less than the
radius of curvature, the beam will be focused further from the wave-
front than the effective wavefront center. These cases are shown
in Fig. 3.9. In both cases shown in Fig. 3.9, the reflected beam
at the antenna is much larger than the size of the antenna (the
size of the image). Figure 3.9 is drawn for rays in one of the
principal planes of the wavefront. If the two principal radii of
curvature differ, the rays in the two principal planes will focus
at different points and there will be no well-defined image of the
antenna. The area of the reflected beam at any point can be found
from knowledge of the radar beam width, the range of the wavefront,
and its two principal radill of curvature.

_4o-
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The fact that the reflected beam covers a larger area for distorted
wavefronts can cause a decrease or an increase in the received sig-
nzl under different cconditicns. If the beam falls on the antenna
satisfying Ez. (3.40) then the received signal will decrease for a
distorted wavefront since the power in the reflected beam 1s spread
over a larger area thus giving a smaller intensitfy in the beam at
the antenna. On the other nand, if the beam does not fall on the
receiving antenna the beam spreading caused by a distorted wavefront
would increase the intensity striking the antenna.

These results also follow qualitatively from the wave theory. Again
considering the wavefront as an illuminated aperture, a chang= in
curvature will change the relative phase symmetrically aocout the
center line. This is seen in the fact that the drawings in

Fig. 2.9 are symmetric about their center lines. The relative
phase will be a juadratic function of distance along the aperture
(wavefront). The reflected pattern aepends on the shape and illu- {‘
mination of the aperture but some general results can be found.
Silvergg/calculates the radiation patterns of ssveral apertures

for zero phase differences and for guadratic phase differences.

He finds that the reflected pattern is wider for the juadratic

phase difference aperture regardless of whether the phase differ-
ences were positive or negative. This agrees with the resuls of
Fig. 3.9 that the reflected beam 1is wlder regardliess of whether

the radii of curvature are larger or smaller than the range.

The result that deviations from a spherical wavefront procduce a
broadening of the reflected beam will be encountered again in the
sub-section on turbulence. This willl not be unexpected since
turbulence is composed of small scale wind and temperature gradients
and should produce roughly the same effect.
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3.23 Reflection From Roughened Wavefronts

The principal difference between what we call "turbulence" and
what we call "wind and temperature gradients" is one of scale.
Turbulence has a smaller scale than other inhomogeneities. There
are many characteristic lengths of 1importance for the reflection
of radar from acoustic wavefronts. The smallest of these is the
radar wavelength %e which 1s of the order of 1 or 2 feet. The
acoustic wavelength Aa is about 10 feet. The diameter of the
illuminated portion of the wavefront is BR where B = radar beam-
width angle, R = range, and BR may be as large as 1,000 feet.

The largest scale is the range itself which extends to about 10,000
feet. The scales of wind and temperature gradients considered
{larger than 1,000 ft) are larger than the illuminated portion

of the wavefront while the scale of turbulence considered

(s = 100 ft) 1is larger than A, but may be smaller than BR. A
grapn of BR vs. R for variocus beamwidths is shown in Fig. 3.10.

If BR < s then the phase fluctuation will vary smoothly over the
1lluminated portion of the wavefront and the radar reflection

will be similar to that consildered in the section on wind shear
and temperature gradients. However, I BR > s, the illuminated
portion of the wavefront wili appear rough producing a more diffuse
reflection. It 1is this case (BR > 3) which wiil be considered in
this section. Chernowgl/considers the type of image produced- when
the illuminaticn of a lens has random phase fluctuations of magni-
tude,vrms and characteristic scale length s.

1(y) = I, exp [-(y/¥,)%] (3.21)

where I{y) = receilved intensity at a distance y away from the
focus in the foczl piane

4
1

received intensity at the focus
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and \ (

¥, =52 o= (3.42)

Io depends on Yo since approximately the same total power is
reflected, regardless of the area over which it 1is spread. Using
the fact that

Pp = flﬁ‘;) a5 = er Iof exp [-(¥/7,)°1 v &y (3.43)

o]

is the total power reflected from the wavefront, we find

I - (3.44)
(o} x yoﬁ

Equation (3.41), (3.42), and (3.44) thus serve to detemine the
received intensity at a distance y from the focal point of the
reflected beam. Putting in y = &Vt sin ¢ = 2RV sin ¢/a as is the
case for reflection in a steady wind, and ¥, from (3.35), we

obtain
P s 2 2¢ .
I = I exp [- Y_3 sin ] (3.45)
or \[r <> RO 2 \7a° w5 R
or c c ]
. 1 2
I=P, 3 exp [- | (3.46)

-43-




WG 0

31t Beranek and hevman Inc.

s c. = V2 s sin® ¢

t—~4 ’ =
Yoor Ve T 2 2 Vrat o .

witn Cc

(3.47)

The same qualitative resuits may be obtained from the simplified

model introduced in S=c¢. 3.14. The rms phase fluctuation is

vrms with a correlation distance s. Thus any two points on the

wavefront within a distance s from each other may be advanced or

retarded with respect to each other in space by a distance: ~
14

oD = 2 -%%i Ay (3.48)

The rms angle that the turbulent wavefront makes with the average
(smootn) wavefront is

4 Yeoms
o= T g (3.49)

We can assume that the reflected beam will have a half-width

of 29T. Since the direction of rerlection from a smcoth wavefront
makes an angle 25w witn the incident beam, we have the situation
shown in Pig. 3.11.

The angular distribution in the reflected beam is assumed to be
Gaussian

1(0) = 1 enp [~ (o/20)?] (3.50)
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As in . (3.83), I, = 5 (3.51)
m

3

The additional factor 1/R2 accounts for the spherical divergence
in the reflected beam. Putting Eq. (3.49) for Ops Ea. (3.36)
fer <$2> and 29w for 8 , Eq. (3.50) becomes

e

P_s

) Lo V’1?<u2> R

2
Ves 3in™¢

: [
: La\fn'a2<u?>nJ

exp

(3.52)

This expression has the same functional form as Eq. (3.45). The
numerical constant C, is identical and C, differs by a factor of 1/2.
Por future calculations we will use Eg. (3.45) - (3.47) since they
are probably more accurate.

The expression for I can be considered as the product of an

amplitude term and an angular distribution term. The amplitude ;“
term has a factor 1/32 from spherical divergence, and a factor v
s/R <u2> from spreading of the beam. The angular distribution

term has a maximum value of unity, and becomes very small if

ve s sin® ¢

>> 1 (3.53)
> \Vra® SR

Ejuation (3.53) 1s the condition for misalignment of the reflected
beam and the receiving antenna and poor reception. When ¢ = 0°,
180° condition 3. (3.53) will not occur and the racelved signal
will be detectable for all values of the parameters. This occurs
when the direction of search and the wind direction are either
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the Same cr onpn.ﬁte. From Eq. (3.53) we see that for fixed
V. s, ¢, and <p > nere is sun2 "blind range" R, below whiech
23. (2.53) may occur and signals may not be recelved at cloae
ranige. If this “blind range" 1is less than the maximum range.
Rmax’ of the »robe, then a debtectable signal will be received
for R, <R <R, . PFrom Eq, {3.45) we ses that C, has the
dimensio“s of a lengta and is directly pfoportionah to the R
mentioned abzcve, 62 is made smalier by decreasing V., ueﬂreas—

ing s, o increasing <u2>.

From She above analysis, it appears that the most serious
misalignment problems olcur for smail R. However, we must re-
m2mber that the radar antenna has a finite diameter, D. From
E3s.{3.42) and (3.36), the reflected beam has an approximate radius

vg= (2r*u__r /s (3.54)

To receive a signal it is not necessary that the reflected beam
fall on the center of the antenna but only that the beam fall
on some part of the antenna. This ccndition may be stated as

]
3+ ﬁwl/“" bems R B/ 22 V6 sin ¢

.g. + 232 /4y V -g >4 g sin ¢ (3.55)

For sufficiently small R, this condition is always satisfied. (It
is also satisfied for sufficiently large R as was seen above.)
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To obtain an estimate of the reflected intensity as a function'

of rarnge we can make Eg. (3.46) dimensionless. For this purpose,
let the normalized range variable be

R
X = &
Co

and the normalized intensity variable be

nw

Y =

,_;UI -t
HO! Q

Then zubstituting into Eg. (3.46)

1 1
Y = . exp (- %)

(3.56)
This 1s plotted in Fig. 3.12.

In order to estimate expected values for intensity and range from
Ez. {(3.56) or Fig. 3.12, the following method zan be applied.
First choose {or measure) values for V, <u2>, @, and s thus giving
Cl’ c

o The value of Ce provides the conversion from X to K
giving the graph a horizontal scale.
from

The value of I calculated

(3.57)
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is the intensity received at the radar antenna in terms of the
power reflected from the acoustic wavefront. The value of Pr/Pi
depends con the acoustic wave intensity and shape as discussed

in Sec. 2. The dependence of acoustic wave intensity and shape
on range, frejuency, acoustic power radiated, and source geometry
is discussed in Sec. 4.

The calculaticn of recelved power at any range takes place as
follows:

1. Use assumed (or measured) values of V, <u2>, ¢, 8, and D
to calculate Cl’ 02 and to determine the range of R for
which R < abD/(2V sin ¢}, i.e., for which the reflected
beam falls on the antenna.

2. For R < aD/2V sin ¢, the received intensity will be high
provided the sound wave is strong enough (R < Rmax)
3. For R > aD/(2V sin ¢) continue as follows:
4. Find X from R by X = R/C,
. Find Y from X using Fig. 3.12

5
6. Find the acoustic wave intensity and shape at range
R using the results of Sec. 4

7. Find Pr/Pi for reflection from the acoustic wave

using the results of Sec. 2
8. Calculate I from E3. (3.57) and knowledge of Py

9. Power recelved = I x Area of radar antenna.
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3.24 Off-Normal Reflection From a Train of Plane Shock Waves

As with a single shock wave, if a train of waves remain perfectly
plane, there will be little or nc off-ncrmal reflected signal re-
turning to the antenna when the angle between the radar beam and
the normal to the acoustic wave exceeds 1/4 of the radar beam-
width. There will be a reflected signal if the wavefronts are
sufficiently rough to have a part of their area ncimal to the
radar beam. For the case of two wavefronts shown in PFig. 3.13
normal reflection occurs at peints A and B! although not at A?
and B. For the signals reflected at 2 and B' to interfere con-
structively, we must have

m 1
RB' - RA =3 A m = integer

Since Ry, - R, = la >> %e , it shcould not be difficult to acdjust
A, so that (1) i1s satisfied. However, even though the radar fre-
quency is adjusted to give optimum reflection from such areas
back to the source, the fact that these areas exist at randcm
locations over the reglon of the shock wave tra.:n illuminated by
radar, they will be as a group incoherent in that direction. Cn
the other hand, in the direction of specular reflection, all such
irregularities will have coherence. It 1s apparent that a singie
shock wave front may be deformed sufficiently by irregularities
in the atmosphere to direct a significant fraction of power back
toward tne source by scattering. & train of waves however, is
relatively insensitive to such irregularities and therefore re-
flection from such a wave train tends to be highly specular with
very little enzrgy directed back to the source when the waves are
not normal to the radar beam. Thus a train of waves tend to
support specular reflection in an inhomogeneous medium but cannot
bpe made to improve reflection at an arbitrary angle by choice of
the radar wavelengtn.
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FiG. 3.5

SOUND RAY PATH IN LAYERED MEDIUM
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ANTENNA o

FI1G. 3.1

REFLECTION FROM ROUGH WAVEFRONT
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 FIG.3.13 REFLECTION FROM TWO WAVEFRONTS
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4, SOUND PROPAGATION IN THE ATMOSPHERE
Sound in air is a longitudinal wave motion of the medium which
propagates from its driving source at a speed determined by the -
physical characteristics of the medium. The directions of sound
propagation away from the source are determined by the geometry
of the source and its cunfinements. As the wave propagates
through tne air irregularities such as wind, wind shear, turbu-
lence, temperature gradients etc., modify the lozal velocity of
the sound causing significant alterations in the directions
originally taken by the sound wave as it left the source.

As sound radiates it carries energy away frcm the source. The
rate at wnich energy radiates from a source source is expressed
in terms of power level PWL defined as

PUL = 10 log W/W__. db re 1073 wast (4.1)

where: W is the sound power radiated from the source and wref

is a reference power unit conventionally taken as lO"13 watt.

The amount of power radiated per unit area normal to the direction
of che wave propagation 1s the sound inftensity expressed in db

-
10

IL = 10 log I/I_,, db re 107°° watt/cm® (4.2)
For many purposes the pressure variations in a sound wave are of
more direct concern than the intensity. In a free progressive
wave the sound intensity and trne rms sound pressure p in the wave
are related by

2
I=2 4.3)

where p is the air density and a 1s the speed of sound.
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The sound pressure level SPL iz defined &s
SPL = 20 log w=— db re 0.0002 K bar (4.4)
Pref

The reference pressure is chosen to make the sound pressure
level and the intensity level numerically equal for sinusoidal
sound waves under conditions near room temperature and pressure.

Other pressure levels such as the peak pressure level and the
peak to peak pressure level will be used subsejuently in the
following discussion. They will all employ the same reference
pressure 0.C002 ¥ bar and so they will not be numerically egual
to the intensity level of the sound wave.

As sound in air propagates away from a source it may undergo
1ittle change in amplitude and wave form or it may suffer a
large decrease in amplitude and a radical change in its wave
form depending upcn the geometry of the source, the atmospheric
attenuation characteristics, tne sound frejuency, and the ampli-
tude of the sound wave.

4.1 Spherical Divergence

A sound source wnich is pnysically small compared with the
wavelength of the sound acts as a point source and radiates
uniformly in all directions. The sound intensity I at any
distance r from such a source is therefore related to the total
sound power, W, radiated by the ejuation

W

[P
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a
-

and the intensit

IL = PWL - 10 log 4mr> (4.6)

This same relation holds for any phy. .cal spherical source wnhich
radiates uniformly in all directions.

4.2 Directivity

A sound source which is comparable with or iarger than a wavelengtn
does not radiate uniformly and is therefore said toc be directive.
Tne directivity factor Qyz for such a source is defined in any
direction 8 as the ratio of the power radiated in that direction,
Wy, to the average power, wavg’ radiated in all directions.

Q = we/wavg (8.7) !

Near any real source it 1s generally not possible to specify a
directivity factor because the directior of energy flow is not
known. However, at large distances the energy f{low is radial and
the sound intensity along any radius decreases inversely as the
sjuare of the distance from the source. 1In this so-called far-fleld
the directivity factor in any direction can be determined from the
geometry of the source.

For the present purposes it is of importance te know the directivity
at a large distance along the axis of a plane piston radiator such
as a parabolic radar antenna or acoustic hern. The directivity for
such a radiator of diameter D 1s

2
Q =(1’2\ (4.8)
A 5
/
mhis is the relation which 1is called antenna gain in radar i'
applications.gg/
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Tne total beam width to theehaif power point for such a scurce at
large distances is given by=§/
A
8 = 1%—- in degrees (4.9)

In the near-field of a plane radiating surface the sound may radiate
nearly as a plane wave but edge effects cause small ripples in amp-
litude along the wave front and corresponding small undulations in
phase. From a practical standpoint, the near field of a plane
radiator acts like a plane wave fleld in most respects over an

area corresponding approximately to the area of the radiator. 1In
this near-field the average scund intensity remains substantially
constant along the axis. The division between the near-field and
the far-field is not sharp and indeed it does not have a unique
definition.

For the present purpose the end of the near-field will be defined
as the radius Rn for wnich the far-field ejuation gives a sound
intensity equal to the average intensity over the face of the
piston radiator.

Tne far-field intensity If at the end of the near-field Rn of a
circular piston of diameter D is given by

1. = W
o=
* 47R
n
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the near-field intensity I_ is given by

Equating I, and I and using Eq. (4.2 for Q gives

2
R, = 10 (4.10)

Within the near-field the sound intensity exhibits a numoer of

maxima and minima determined »y the source geometry and wavelength.

On the axils of a plane circular source the maxima all nave a subp-
stantially constant value., This is 1illustrated in Fig. 4.1 for an
experimental sourcegﬂigé/ 5 wavelengtns in diameter. The average
sound intensity in the near-field is approximately 6 db below the
intensity peaks as indicated by the dashed horizontal 1line. The
calculated far-field sound intensity for this source is shown as
the dashed line having a slope of -6 .u per distance doubled.

The intersection of these dashed curves determines fhe distance

Rn to the end of the near-field. At the end of the near-field

the measured sound intensity falls substantizally & db per distance
doubled. Farther from the scurce atmospneric attenuation (dis-
cussed in Section 4.3) causes a more rapid decrease in thne

intensity of the experimentally measured sound.

Directivity gain obviously increases witnh increase in the diameter
of the source relative to the radiated wavelength. Increase in
directivity has advantage from two major aspects:

(1) 1t decreases the main beam angle thus znabling 2 more
detailed searching pattern and (2) it permits the radiation

ol increased intensifies in the desired directions with a

given tctal radiated power.
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For a radar signal, the amount of energy which can be transmitted
by the main beam is limited only by the power capablilities of the
source and by the degree to which side lobe radiation 1s sup-
pressed. Thus the intensity of the main beam and therefore the
total power incident upon a target which is small compared with
the beam cross section can be increased directly as the cross
section of the pencil beam 1s decreased, 1.e., in proportion to
the directivity.

For a sound wave, the advantages expected from an increase in
directivity are modified by other factors not encountered with
radar; these greatly affect and 1limit the extent to which a gain
in performance 1s secured by increase in directivity. When a
stationary and homogenecus medium exists around the source and
when the sound waves do not carry much energy, the relations
governing directivity are much the same a3 for radar waves. How-
ever, when the medium has a velocity as 1s the case of the real
atmosphere with wind, the sound beam is swept down stream with
the veloclity of the wind. Although the wind may be slow, several
feet per second compared with the speed of sound over 1000 ft/sec,
the drift may be sufficient to throw a narrow beam seriously out
of aiignment with the radar bear and result in the need for intro-
ducing searching and tracking cornplications into the radar control
system in order to follow the sound waves.

A much more stringent iimitation upon the use of directivity

arises from the nonlirear nature of air as a transmitting medium
for sound. The air, in eirect, will overload and will not
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propagate sounds above a limiting intensity regardless of the
source power or the influence of directivity. Tnis limitation

is more fully discussed in Section 4.4,

4,3 Atmospheric Absorption

- im

A sound wave traveling througn air undergoes a decrease in
intenslity in addition to spherical divergence discussed abvove.
This additional decrease in intensity results from an absorption
of energy from the scund wave by heating the air or from dissipa-
tion of sound energy by scattering.

Absorption causes a decrease 1n intensity of the form

I=1 ™ (4.11)

wnere I and Lo are intensities at x and x = O 't respectively

=

m 1s tne attenuation coefiicient _n It~

The 2to< & .m.0n constant in &b per fT is given vy

ol

a = .34 as/f% (4-12)

A normaiized pict of atveruation in db for a plane wave is
presentad in Figure 4.2, A similariy normalizea plio:t for a

spherical wave is givern in Fig. 4.3,

4,3% <Ciassizal Arsorpi.on

A% auwulc reguencies minor losses occur as a result of classical
absorption including, 1) viscous lcsses, 2) heat conduction {rom

ths wait regicus of the pressure peaks to the cocler regions of
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the pressure minima, 3) heat radiation between regions of different
temperature and, 4) diffusion of molecules from the raster moving
regions of the sound wave into slower moving regions.

All of these losses are insignificant in magnitude compared to
mnlecular absorption at frejuencies telow 10 kc.2

4,32 Molecular Absorption

As sound vibrations pass through air containing small amounts of
water vapor the molecules of water are set into vibration and ab-
sorb energy from the wave, The amount of absorption depends upon
the sound freguency, the absclute humidity and the temperature

in a complex way.gZ/

1) At any chosen frejuency f, a maximum absorption
Qax OCCurs at a value of absolute humidity hm
which is independent of temperature

2 .
£ =ho (4.13)

wvhere £ 1s 1in kec.

h_1s in gn/m>
This relation is plotted in Fig. 4.4,

2) For any chosen fregquency and humidity the ratio
w of tThe molecular absorption ol to the maximum
molecular absorption o ax is glven theoretically
in terms of the ratio of the absclute humidity
h to hm by the relation

_ _ 2
W= %Ol/amax (h/hmax)zﬁ'* (

X (4.14)

hmax/h
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the best ex nent value for this relation is
plotted in Fig. 4.5. It should be noted that
the experimental values of absorption represented
by the curve in Fig. 4.5 are higher than those
predicted theoreticzlly at high and at low values
cf humidity but are in excellent agreement in the
regicen around hm.

3) The value cf hmx'increases linearly with

frequency as shown by the curves in Fig. 4.6

for “ﬁax vs. [, with temperature as a parameter.
4) Tne value of o1 1S obtained by multiplying
the a obtained from Fig. 4.6 by the w

max
obtained from Fig. 4.5.

T IS

Absolute humidity h can be determined conveniently from measured
relative humidity by use of Fig. 4.7.

4,33 Scattering

At low audible frequencies where molecular and classical absorption
both become very small, there is more attenuation of sound observed
experimentally in long range signaling than can be accounted for by
these processes. Some of this may result from a scattering of
sound by inhomogeneities in the atmecsphere. Experimentally the
attenuation seems not to fall below approximately 0.001 db per
foot.,

Such scattering has two eifects of importance in relation to tnz

EMAC Probe. First, the scattering causes a withdrawal of energy

from the progressive sound beam and a resultant increase in atten-

uation by redirection of the sound energy. Second, it tends to )
promote a obroadening of the steep front of a shock wave by causing i
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slight variations in arrival time of wave contributions which
have passed through slightly different paths of the inhomogeneous
medium, Nelther of these relations has received much theoretical
or experimental study. The following discussion exposes thne
problem, presents plausible values related to some experimental
observations, but indicates the need for experiemntal verifica-
tion of results,

Inhomogeneities in the atmosphere cause variations in the speed
of sound and thereby cause variations in the direction of propa-
gation of the wavefront of any sound disturbances passing through
these inhomogeneities. The effect of such variations in the
wavefront is to cause a redirection of sound energy in a random
manner from various points along any wavefront. It is possibie
to calculate the subsequent position of the wavefront and the
shape of the shock wave by adding the contributions from all
points on the wavefront durling its entire path of travel from the
source to the point in question substantially following the
method of Section 3.14., Such an addition can be carried out
only on a statistical basis because tne inhomcgeneities within
the air are in themselves predictable only on a statistical
basis. The net result is a reduction in the sound intensity at

a2 distance by the direction of sound out of the direct patn.

The inhomogeneities also tend to cause a broadening of the steep
front of a snock wave but this broadening process is opposed by
the finite amplitude distortion process discussed in Sec. 4.41.
Whereas the broadening effect of turbulence is independent of the
sound wave amplitude, the distortion effects tending to steepen
the wave are directly proportional to the wave ampiitude. There-
fore, it 1s expected that turbulence will have littie efiect in
broadening the wavefront if the wave has sufficient amplitude.
However, when the amplitude drops below a level at which the
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steepening and broadening effects ars egual the savelfroni will
broaden rapidly. This amplitude 1s apparent
the magnitude of the turbulent velocities, the structure of the
turbulence, the geometrical configuration of the wavefront, the

¥ dependent u

initial form of the sound puise, etc A thaoretical determina-
tion of shock wave structure as a func.'on of all these varilables
viculd be very difficult and apparently nas never been done.
However, for use with the EMAC Probe, all that is rejulired of a
shock wave is that it be relatively thin compared with a radar
wavelength, and that its level remain sufficlently nigh. A
rough method for calculating level and shock front thickness is
presented in Sec. b4 44 which gives the shock thickness produced
by attenuation atone. Since these results are in good agreement
with experimental measures of shock structure, it 1is fairly safe
to assume that turbulence broadening is not the most important
cause of shock thickening.

4,34 Precipitation and Fog

Suspendad particles in the atmospher:< produce acoustic losses
by two mechanisms. First, there will be viscous dissipation
and heat conduction near the suspended particles, and second,
there are relaxation losses because the time lag between evapo-
ration and condensation on the particler as the local pressure
and temperature changes wnen the wave passes.

Experimental studies of sound attenuation in atmospheric precipi-
tation and fog26’28 show that these lcsses can be neglected.
Attenuation in fog changes slowly with frequency and is below

.3 db/1000 ft for frequencies less than 2 kc even in neavy fog.
Absorption by water droplets exceeds molecular abscrption at

low frequencies (below about 300 cps) when both are small dut

at higher frequencies, absorption by droplets can be neglected

compared witn molecular absorption.
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4.4 Nonlinear Sound Propagation

Sound waves of earny shape or harmonic content tend to deform
toward the sawtoothed shape which is the stable wave form for
nigh amplitude sound. The leading edge of the stable wave 1is

a shock front whose thickness depends upon the amplitude of

the wave and the attenuation characteristics of the medium but
not upon the frequency of the fundamental component of the wave.

4,41 Wave Distortion

Finite amplitude distortion of this 3sort is important on two
accounts. First, energy is transferred from the fundamental
component into the higher harmonics; since these are more
rapidly attenuated than the fundamental, an excess attenuation
of the wave results which drains energy from the sound beam in
direct proportion to the magnitude of the pressure discontinuity
and the number of discontinuitles per unit dista.ice along the
sound beam. Second, the distortion of the sound wave creates

a sharp pressure discontiruity at its leading edge. Thi3 dls-
continuity provides the optimum cond: .lon for the reflaction

of radar waves f{rom a pressure variation of a givcn pressure
amplitude. This last fact is of utmost importance in the per-
formance of the sound wave as a reflector in the electromagnetic
acoustic probe.

There are two causes or the change in shape. The first relates
to the fgct that sound consiste of longitudinal vibrations and
as sucn Che alternating particle velocity of the medium is
parallel to the direction of wave propagation. In such a wave
the maximum positive particle velocity cerresponds in time and
space to the maximum excess pressure. The maximum negative
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ticle velocity corresponds to the minimum pressure of tne

CJ
[ %)

wave. Tnerefors, the pressuré péaks and trougns of an acoustic
wave travel respectively witn the velocity of sound plus and
minus tne particle veloclty. Tne second cause of finitc ampli-
tude distortion is that an acoustic .«ive is adiapvatic, i.e.,
the local temperature of tne air inccr-ases as the pressure in-
creases. J3ince the speed of sound increases as the sauare root
of atsclute teomperature, tne local wave velocity is greater
than average at pressure maxima and less at the minima. In a
normal gas the results ol these two factors are aaditive causing
pressure maxima to cvertake pressure minima and create a steepd
pressure front at the leading edge of an acoustic wave.

As the wave front stezepens, the cnergy of the -iave 1s converted
from the fundamental and low harmonlcs into niglier narmo:nic
components. The steepness ol tne wave front is limited by the
palance between tne rate of transier of energy into the nigher
narmonics and tne licss of energy from the algher rarmonizs oy
means of attenuation wnicn converts a. wstic energy into neating
of the air tnrougn wnich the wave passes. Tne mechanism ¢f the
ansoyption is unimportan:z. The magnitude of the absorption as
a function of frejuency will determine the ultimate sharoness
of the shock front whicii is necessary to create the balance of
energy flow into the narmonics and from the narmonics into heat.
Thoe lower the rate of absorption from each harmcnic, the :loser
tne waveiront will approacn a theorstical discontinuity and tue
closer th2 amplitude of each harmonic will approach the taen-
retical ansoclute iimit of 1/n compared with tre amplitude of
the fundamental.
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This action is snown dramatically in #i 4 4 by an asscmblage

of os52illoscope wave traces iepicting the pressure as experienced
Oy a nicropaore located in an intense 14 ke sownd wave at several
distances from a plane piston circuvlar source tor four sound out-
put levels.

Tie itraces in Fig. <.0 nave veen adjusted all to the same helght

vy increasing the gain In tne o3cilloscope so thnat trne wave snapes

O

uld b2 compared directly. The widening or tne trace at 200 cm

"2
‘f

H tnie iowest sound level is sed vy c¢ircuitr noise witicn oe-
cones evident at tne nign bain setting since tn. display system
LWSen a uroaduand circult witn no [iitering.

it cen be seen that at tne lowest sound level (140 db rms averaged
over tne face of the source) the wave progresses witn littvle ob-
ervaple distortion tnrougnout the range of observation, 200 cm
approximateiy 90 wavelengtns). At the nighest level (155 db rms)
1t hougn the wave i3 ejually pure at the source, it distorts

-~

[s3Y

pidly and becomes sawtontiied in a {.w wavelengthns.

AT tne 152 wb lev:l tne wave comes noticeably sawtootned at a
distance of appreximately o wavelengths wnercas at 150 db the
same amouin:t 0f distorticl. reguires approximately 20 waveiengtns.

3

- 2 YR s - -, . - -
-t 13 ICULNLT C.lOrTiCauad)y il cullc

»e

‘imentally .nav, {-r cometrically
Simdilar scund Ticlds, e mhoat ol distortion ontaln-d ver any
cicen sound Intensiiy, f3 a2 funciicn cnly 9fF the distar:. from the

scurce measursd n vavalergtns of the fundamental fre-,: . 'y of the
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These considerations indicate that in order to obtain a maximum
range with the EMAC system it 1s necessary to utilize a low
frequency signal so as to recuce ordinary atmospheric attenuation
and finite ampi.ftude attenuation to an acceptable value for the
cnosen range. It 1s then necessary :o 1lncrease tne source power
to the point where the acoustic wave will reach and maintain a
sawtooth wave form in order to take advantage of the high reflec-
tivity of the sharp pressure discontinuity at the leading edge

of a finite amplitude wave. Mathematical relations governing

the frequency and source power are discussed in the following
section.

4,42 Finite Amplitude Limits

A high amplitude plane wave of stable form (i.e., sawtooth shape)
will attenuategg/in amplitude accoruing to the relation

du _ _ (y+l) udx . (k.15)

u ai

where: u is the particle velocity arziitude
% 1s the distance
v is the ratio ¢t specific heats
a is the velocliy of sound
A is the sound wavelencth

..dp _ _ (y+l) pdx (4.16)
p ykPo

where: Po is atmospheric prec._u:.
p 1is excess sound press\re =mplitude
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For sound fields which are not plane the change in sound amplitude

involves .the divergence of the wave. A general treatment of non-

plane fields has been considered by Rudnick in relation to the

transmission cf souﬁq in horns of varying cross-section. If we

consider a norn in which the area, S5, of an equiphase surface of

the wave depends upon the distance of propagation of the wave,
—then the area S at any distance x is given by:

‘

sg2(x) = S, (4.17)

where S,= S_ at x = x_ and thus g (xo) = 1,

.
.

Combining the relation for divergence and the attenuation from
Ejuation (4.15) ‘

du _d % udx '
T = Tég - ('Y-"l'l) an . (4.18)

or from Equation (4.16)

-

QE-=‘25 - {y+l)paa {(4.19)
P & YAP .

Continuing now only with the ejuation for pressure and letting
p = vg where v is a new variavle Eq (4.19) reduces to

dv _  {y+1l)gdx -
-l LI#X%;—— (4.20)

which can be integrated tc ~ive,
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p, 8(x)

+1 x
1 +%P—op0[ g(x)dx

0

ho
()
S

=

p‘:

PN

wnere p 1s the excess pressure amplituue in a sound wave at distance

x from the source and Py is the excess pressure amplitude at x = Xt
From this ejuation it can be seen that there is a limit to the
value of p at any distance x which cannot be exceeded regardless

of the amplitude of Py at the source and tnis valus we shall call
the limiting pressure Py

vA P g(x) '
Py = X (4.22)
(v+1) j. g(x)dx
X
o}

There are two cases of interest here for which the evaluation of
Py is instructive. The first case is that of a plane wave.
Although a truly plane wave cannot be generated and used in open
space, its performance 1s descriptive of the process of finite
amplitude limitation of the pressure in a sound wave as 1t pro-
gresses away from the source. The second ¢ase is that of a
spherical wave. Here the limiting relation will be seen to
involve an additional term modifying the 1limit ‘for a plane wave
in such a way that the two limits can be handled separately to
agvantage in rezl applications.
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o
Pg = THI) (xx) (4.23)

wnich indicates that the limiting pressure may be unlimited at

the source where x = X, but at any other distance this pressure
~ - 1l°
must decrease as %= %,i/% i.e., inversely as the distance

measured in wavelengths.

The limiting pressure 1s propertional to the atmospheric pressure
and for a normal atmosphere of 106 ubar (1 Hbar =1 dyne/cma) the
limiting pressure is

, 6
1.4 x 10 A .
p, = L X [(x A XJJ (4.24)
py = .58 x 10° 1 (4.25)

where n is the number of wavelengths from the source. This
relation is indicated as tre heavy solid line in Fig.{#4.9) where
the reciprocal of Pg is plotted against n.

When the excy: pressure in the wave 1is ncf infinite at the source
but nas some 1initial value Pss the pressure at a distance n wave-
length from the socurce is given by

Pa T Py

(4.26)

-~
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which is seen to be represented in Pig. u.9‘by lines parallel
to that for an infinite shock at x = X, but intersecting the
n =0 axis at values of %Trcorresponding to the sound pressure
radiated at the source. © -

Since this analysis assumes that the waves conaidered have reached,
or are generated with the stable sawtooth form, they remain saw-
toothed as they propagsate.

‘Before proceeding to the spherical wave case it is helpful -to
replot the results shown in Fig. 4.9 in a more conventional form
as shown in Fig. 4.10 where the sound pressure level is ex-
pressed in decibels against the log of the distance from the source
expressed in wavelengths. In this representation the limiting
pressure for an infinite shock at n = O is a straight line having
a negative slope of 6 db/distance doubled and passing through 189.3
db at a distance of one wavelength from the source corresponding
to Bq. (4.25). The curve representing the variation of pressure
level for a wave having a-preassigned amplitude at the source will
be a curved line starting horizontally at the left with a value
approaching the assigned value at the source and approaching the
limiting pressure asymptotically toward the right.

It is interesting to note that the siope of the limiting pressure
curve as plotted in Fig. 4.10 for a plane wave is the same as

that for the sound pressure in a spherically diverging wave of

low amplitude. In the latter case the pressure amplitude falls off
as 1/r because of divergence but that process involves no loss of
energy. We may therefore expect s steeper slope when finite anpli-
tude losses are considered in a spherical field.
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R

ct of finite amplitude limitation upon a
o

11c
spherical wave. return to RB3. {4,22); substitute r {or x and

'i 1/r for g(x) representing the spherical divergence and then

integrate.

This gives

¥ Po 1
v + 1

Py = T (4.27)

r
log =
'y er,

where r is the distance from the center of divergence, r, is the
distance from the center tc the surface of the sound source. This
equation, ovtained by Lairdig/ also using a somewhat different analy-
sis is similar to that for a plane wave, but has the extra factor
log, r/ro in the denominator. This iactor becomes unity when
r/ro =e (i.e. r/ro = 2.7). A plot of this factor in decibels

{: is given in Fig. (4.11). A plot of Eas. {4.24) and (4.27) in
Fig. (4.12) compares the limiting pressures for a plane and a
spherical wave. The straight line is the limiting pressure for a
plane wave starting at r = O and the curved line is the limiting
pressure for a spherical wave having 1ts center at r = O but start-
ing from a sphertcal source whose radius is one wavelength. It is
apparent that (as in Flg. 4.15j the amplitude of the plane wave 1is
unlimited at { 0. The spherical wave 1s unlimited at the surface
of the sphericzl scurce, r = r,- The spherical wave and the plane
wave have the same value of limiting pressure when the spherical
wave nas progressed to a radius 2.7 times the radius of the source.

The two curves of Fig. (4.12) are useful in combination because a

simple translation of the spherical wave limit along the plane
wave l1limit can be made tc account for an arbitrary change in size
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of the spherical source. For example, if the source radius is
2 A instead of A as assumed in Fig. 4.12 the spherical wave
1imit may be translated to the right diagonally along the curve
for the plane wave limit until the source position corresponds
to 2 A instead of A, It will be seen that the two lines will
then cross at 5.4 wavelengtns instead of 2.7

4,43 Applications to kExperiment

As was noted in Section 4.2, real sources can seldom be considered
as strictly plane wave generators or as spherical wave generators.
A plane piston moving in a rigid pafile approximates a piane
source near 1ts surface and a spherical source at large distances.
The dividing distance Rn between tne near-field and far-field for
acoustic purposes was estavlished in Section 4.2 as

2
— 7TD )
Rn R YN (4.10)

wnere D is the diameter of the piston source.

In applying the finite amplitude limits to real sources we may,
with good approximation, apply the plane wave limit to the
near-field and the spherical wave limit to the far-rield by
matching the two limits at the distance Rn.

Experimental data taken with the same 14.5 ke piston source
described earlier in relation to Figs. 4.1 and 4.8 are compared
in Fig. 4.13 with the theoretical 1limits calculated for that
source. The upper four experimental curves in Fig. 4.13 corres-
pond to the four sound intensity levels shown in Fig. 4.8. There
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is a ¢ au difference because rig. 4.8 refers to average intensity
level in the ncer-r.eld which is © db below the peak intensity
levcel., 1t is seca «C once that the sound pressure level measured
> *he far-field behaves as it should for a spaerically diverg-
ing field, i.e., a & db decrease per distance doubled for the
lower sound levels recorded. However, when the sound level is
raised at the source it is seen that the sound level in the far-
field increases only so as to aroroach but not exceed the limiting
pressure levels. At 100 wavelengths the sound at the highest
level of operation is more than 3 db below the value expected

if the finite amplitude limit were disregarded. Substantially
no increase in level at this distance could be obtained by in-

creasing tne source power.

Even if the real socurce couid be replac.d by a thecoretical plane
source the plane wave l1limit would still 1imit the increase in
sound level at large distances. The actual sound pressure would
be a few do greater than for the spherical {ield but the total
power loss would be very much greater, .

It should be noted that the data shown in Flg. 4.13 apply to the

fundamental component of the 14.5 ke signal. All harmonics were

filtered out. The finite amplitude limits have therefore been

drawn to indicate the rms level of the fundamental in a sawtooth

wave having the peak amplitude indicated by the limits in

Fig. 4.12, The relation between the two is

'R
T

s fundamental =

o Py (4.28)

SPL = 20 log p; - 7 db (4.29)
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The finite amplitude limits may be applied in the same way to tae
experiments of liidwest Researcn li3titute. Tnere, tne Irejuency
of 22 kc reflected from an 18" paraoolic mirror gives an eifective
near-field distance of 34 ft.

first, however, we shall ccasider only the effects of molecular
absorption as indicated in Fig. «<.14. i the total radiated
power of 30 watts 1is assumed to be uniformly distributed over tne
ceam area ejual tc the area ¢f the reflector, the average SPL in
the near-field will te 14l db as indicated ty tvhe horizontal line.
The far-field SPL (neglecting a“sorption) will be represented by
a line having a slope of b db r:ssing thrcugh the point 144 do

at 34 ft. Molecular absorption is accounted for by use of the
curve 4.3 and setting 1 db absorption at a distance of £ ft since
the attenuation of tne 22 ke signal is approximately C.2 do per

foot. The attenuated level in the far-field 1is represented by

the light dashed curve. The attenuatlion cxpected in the near-field

hl

can be obtained similarly by use of curve 4,2. Biending these two
attenuated curves glves tne SPL expected from tne source shown as
the heavy sclid curve. Tne one measured value of 140 db at 20 ft
falls 2 dbo pelow the curve so constructed.

We now consider the effects of the finite amplitude 1imits on the
MEI experiment. Figure 4.15 shows tne near-field 3PL as before,
a horizontal line at 144 do. The wave is here assumed to be sinu-
soidal as generated. Tne plane wave iimlt for the near-{ield is
oresented as tne rms limit which would pe measurzd by a sound

t

level meter for z sawtooth wave. It is related to Py

or a sawtocth wave.

1
p =—=0p, f
bms " V5 2
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or tng spherical wave limit for the far-{ield is

-l o o A

8

mztcned at 34 feet. The expected Prms for the sound wave is
blended f{rom its initial level to approach first the near-field
1imit then the far-field limit.

The experimentally measured sound pressure of 140 db at 10 ft is

in almost exact agreement with the Py and about 1 db higher
rms
than the expected value obtained by curve blending. It 1is =seen

that the Prms expected at 93 ft is 105 db which is some 12 ¢éb
lower than tnat which would be expected by considerling molecular
atscrption alone. This difference while large nas even more im-
portance when we consider means for extending the range of the
EMAC Prcbe. By considering molecular apsorption only, we might
expect to be able to increase the sound level at any distance by
increasing the source output. Pigure #,15 shows that increase

in source power would make no increase 1in the sound level at
distances beyond 10 feet.

Yurther consideration of the wave form of the sound indicates
that harmonic content becomes significant beyond a distance of
about 2 £t and energy is transferred from the fundamental to
higher harmonics. The decrease in the level of the fundamental
is indicated by the neavy dashed curve. It approaches a value

5

Prms fundamental = -

prms sawtooth

which 1s 2.2 db lower than the level of the sawtooth.

When the sawtooth wave progresses to the distance at which the
rate of decrease in lsvel due to the finite amplitude limit is
less than tne rate of atmospheric absorption {primarily moliecular)

~73-
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the sound level will drop beleow the finite amplitude limit. The
higher harmonics raise the level cf the sawtooth wave above the
fundamental. Therefore, we must apply a higher attenuation to

the sawtooth and the attenuation of tne fundamental to the funda-
mental itself. By this process it is seen that the sawtocth level
is expected to approach the fundamental and the wave shape reverts
tc sinusoidal. This action is shown tc take place beyond 60 ft
for the 22 kc signal in Fig. 4.15.

From these discussions it is clear that no system using high

frequency sound can prcduce useful signals much beyond two or
three-hundred feet even with unlimited acoustic power at the

source.

From tnese experimental results the serious nature of the finite
amplitude 1limit 1is clearly apparent. 1In order to attain dis-
tances of several fhousand feet it will be necessary to reduce

the radiated sound frequency. Reducing the freguency will

raise the finite amplitude limit in direct proportion to the
increase in wavelength. Lowering the frejuency will alsc decrease
the rate of atmospheric absorption but this appears to be a seccnd-
ary ccnasideration.

In reducing the frequency we are faced with tne fact that the
increase in wavelength will affect the directivity of any chossn
antenna and thereby affect the amount of power resuired at the
source to create a given sound intensity on the axis of the
radiator.

For a first cut we may look at a freguency near 1000 cps since
this freguency will have a wavelength stlilil short encugh to serve
as an effective reflector for useful radar wavelengtns. lLet us

~Th-
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cnoosc the frejuency 1140 sinze this wil) | = X = 1 P, We will
tnen choose arbitrariiy a 10 v clameter 213, &6 a source. Then
tne near-field Rn extends to 79 ft. Figurc --.1o sneows thai the
finite amplitude 1limit permits a level <f 10D db irn «x:oss oi
3000 ft. Applying the atmospheric atteruaction of between .01 and
.001 do per ft indicates the sound wave amplitude would fail below
the finite amplitude limit at scme distance between 300 an< 2200 f¢
as indicated by the shaded area. So it is obvious that a 114L c¢ps
signal can be maintalined above 100 db to a distance of 1500 to
3000 f¢.

If we assume the wave should pbecome sawtdsothed at iezs3t by a
distance ol 100 ft then tne average sound intensity ir the near-
field should be approximately 145 do. This would re_uire a sound
power level of 145 + 10 log E%L-= 164 db re 10713 walt or approx-
imately 2.5 kw of acoustic power.

Any increase in acoustic power would not increase the range but
would serve only to cause tne shockwave te be developsd ¢l

to the scurce and cause more otjectionavle disturbance to ejuip-
ment and personnel.

This inzensity would pe extremely ooj:ctionaoi2 to p .:uon. 21 even
outside the main beam anc even for re.atively .hert wucsts of the
acoustic signal.

Such a signal in short burst woula r2tain the proviem of matching
the raacar and acoustic wavelergtn <. zive ccnegrent reoflecticns

from che several waves of tne pal. .
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it now appears that any acoustic signal involving a train of
repeated waves which g urate witn the longest usable
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radar wavelength will not e able to be projected much over
1000 ft and therefeore wlil .1ct serve for pr bing the atmospher
at any useful range. We now therefore direct attention to the
use of a single shock pulse as the only practical reflecting
acoustic surface for long ranges.

§.4Y4 Shock Wave Phenomena

A 3ound impulse may be considered to be made up of an infinite
series of sine waves. If such an impulse 1s radiated from a
plane piston source it will nave a complicated directivity
pattern. As an approximatior we may consider this directivity
pattern o be made up of the directivity patterns of all of the
kermonic components cf the impulse.

For the frejuency components naving wavelengths whicn are long
compared tc the dlameter of the source tnc directivity pattern
is egsentially spherdical. Only for wavslengths whicn are com-
parable with or snorter fhan tne circumference of the source

18 there any practical gains in intensity along the axis due to
directivity. As we have already found waves whicn are short
compared with the diameter of tihe scurce (i.e., 1 It long) will
not nave sufficlent range. Therefore, let us consider generat-
ing a s5ingl2 sinusocidal half-wave pulse whose wavelength 1is
equal tc the diameter of the scurce, i.2., 10 £t or 114 cps for
a 10 ft dish.

For this freguency znd disnh size th2 near-ficld exztends to & ft
and the plane wave finite amplitude limit (rms of a sawtocth)
passes through 164.7 db at 1 ft. The plane wave and spherical

-76-




Bolt Beranek and Newman Inc.

wave 1imit are agsumed ejual at & ft as shown in Fig. 4.17. In
order for the wave to be substantlally sawtoothed at 100 ft the

average intensity in the near-field should be of the order of

175 db. A single pulse may tend to sharpen on its tralling edge
also thereby producing a double shock or N-wave which is not de-
sirable for the EMAC Probe system. To avoid such sharpening of
the trailing edge the intensity of the wave may be dropped approx-
imately 10 db; the wave would not be expected to sharpen signifi-
cantly for over 1000 ft. Hcwever, if the pulse generated contained
a fundamental of this lower magnitude and also contalned higher
harmonics so phased that the wave nad a steep leading edge and
gradual trailing edge as generated, tThe leading edge would sharpen
to a shock rapidly and the trailling edge would be expected never
to sharpen.

The higher harmonics included in the puises for sharpening the
leading edge would have higher directivity than the fundamental
and would remain close to the center of the beam. Thus, these
harmonics, although more obJjectionable to personnel, would be
confined to the center of the acoustic beam.

The Tinite amplitude limits near the source would be those
applicable to the higher harmonics but at large distance would
be that applicable to the fundamental. A gradual transition
should occur as the wave progresses. Tnis transition has not
been studied in detail and appears so complex that it should be
submitted to experimental test,

From tnese consideraticns it appears feasible to create a wave
which will become a shock wave within a few hundred feet from
the source and remain a sharp shock for a distance of the order
of 10,000 It.
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Tr2> thickness of a shock front theoretically should depend only

- the amplitude of the overpressure rniot upon the frejuency of
the fundamental. Calculations of the shock front thlcknessél/
using the equations of motion for a steady state non-isentropic
transition across a shock indicate that 1t should be of the
order of 3 cm for a shcck wave having a pressure amplitude of
the order of 100 db. This departs widely from the experimental
observations of shock rronts in air. Theoretical considerations
including the effects of molecular absorption have 1indicated
that the shock front should be about 15 cm thick at levels between
120 and 100 db. This 1is indicated indirectly by the curves of
Fig. 4.16 where the 1140 cps repeated shock wave begins to drop
below the finite amplitude pressure limit at between 120 and
100 db. In this region the shock front has grown to 1/2 wave-
length of the 1140 cps wave or approximately 15 cm. Fxperimental
evidence with N-waves of sonic booms bears out this conclusion.

Measurementsgg/cf several sonic booms are summarized in Table 4.1.
Amgiiéaae of Rise time of
Boem No.| incident waves steepest section|{Corresponding Thickness
1lo/s3 ft db
1 .5 122 5 ms Tt
2 42 120 .G ms 1.0
3 apparently a ground wave; no shock front
4 .75 125 .7 ms .8t
5 .24 116 .5 ms .6!
6 apparently a sround wave; no shock frent
T .31 118 .0 ms A
8 42 i20 .5 ms 6!
-78-
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Sonic booms 3 and 6 in Table 4.1 appeared to arrive in a nearly
horizontal dircciion since there was no visible separation be-
tween the incident and reflected wave. The rise time was very
long, several milliseconds, and included many shocklike ripples
which are assumed to be due to the successive additions of com~
ponents of the wave retarded by obstacles and inhomogeneities
near the ground. Even for these waves the initiation of the rise
was sharp.

A typical N-wave signature (Boom #7 from Table 4.1) is displayed
as oscilloscope traces at two sweep rates differing by a factor
of 10 in the photograph of Fig. 4.18. The leading edges of the
incident and the ground reflected waves are clearly separated.
For the incident wave the wavefront thickness is about 0.7 ft.

It should be noted however, that in the fast trace the initiation
of the pressure pulse forms a noticebly sharper corner than does
the crest of the pressure pulse. The observed sharpness in

Fig. 4.18 appears to be limited by the passband of the recording
system which rolls off above 2,500 cps. Thus, the actual sharp-
ness cannot be assessed from this figure. It seems 1likely,
however, that the index variation accompanying such a sound
shock most closely approximates an index variation with one sharp
corner and one round corner.

For the purpose of radar reflection, the presence of one sharp
corner significantly increases the refiection when the index

of refraction variation occurs over a distance in excess of a
radar wavelength as indicated in Fig. 2.3. Thus 1t is reasonable
to look for a useful radar reflection from an acoustic shock
wave even after the wave front has broadened beyond a wavelength
of the radar wave. Again, this premise needs experimental
verification.
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5. SOURCE CHARACTwRISTICS FOR MAXIiiIM RANCE

5.1 Acoustic Source

A scund source mustc provide sutfficient shock intensity to travel
several thousand feet in order to be useful. Tne source should
be somewhat directive in order to conserve source power out more
important i1t should be directive in order to avoid hazards to
cperating personnel and minimize annoyance in surrounding
communities.

It now appears that an ideal pulise at the source should have a
rise time which is of the order of a few milliseconds so that
there will be a minimum of the high frequency sound components.
The high frequency components are undesirable at the source be-
cause they are more hazardous and more annoylng than the very
Jow frequency components.

It appears that the pulse should have a long decay time for two (
reasons: (1) a long decay time implies a large amount of energy

in the single pulse, (2) the long decay time, returning to atmos-

pheric pressure without the creation of a negative pressure, will

prevent the creaticn of a negative shock. Thus, such an acoustic

wave can avoid the variable interference offects expected in

radar refiections from the sonic boom N-waves.

The source need not and should not produce a shock wave near the
radar installation but should rely upon finite amplitude distor-
tion to create the shock at a distance somewhere in the region
between 100 and 1000 ft frcm the source. Such a design would
minimize hazard and annoyance and maximlze the conservation of
energy in the wave. The decay of the trailling edge of the pulse
will not create a shock wave at any range if the decay is
sufficiently gradual.
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fo icrm oa . - vetween 100 and 1000 feet from the scurce, the
tntensity leve aear the source must exceed a critical value de-
termined by the initial pulse shape. The source power level will
be determined by thils intensity level, the source size and its
directivity. On the other hand the sound intensity level outside
tne main bsam must not be high enough to cause personnel hazard
or annoyance. As mentioned in Sec. 4.44 the Ligh freguency com-
ponents of the sound pulse will be much more directive than the
iow freguency components. These high fregquency components which
are more annoying can be confined to a fairly narrow beam and
can be directed away from the populated areas. The design of an
acoustic source with these desired characteristics will require
future study.

The intensity and directlvity of the scund fielid near the source
will of course be greatly influenced by the size of the sound
source itself. If the EMAC system is to be moblle, the scurce
and radar antenna both probably will be restricted to units of
the order of 10 ft in diameter. Such a source will give some
appreciable directivity for a 100 cps wave Q will be of the order
of 10, For the higher frejuency components needed toc sharpen the
leading edge, the source will be more hignhly directive, Q is about
1000 for 10CO cps. Since the amount of power needed in the har-
monlics is small compared with that in the fundamental, and since
the source is more directive for these components the amount of
sound which spreads away irom the center of the main beam is
relatively small for the high harmonics and should therefore
cause only a2 minor and perhaps negligible problem as regards per-
scnnel exposure especially since the pulses are of short duration
and spaced at relatively long intervals.
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For a lenger range installation where the sound source and radar
aaternas mey oe permanently lccated, larger source areas may be
utilized with the added advantage of greater directivity at the
chosen frejuenrncy or with the possipbility of reducing the fundamen-

tal freguency component of individual puises. N

The personnel hazzard for pulses is much less than that for contin-
uous tones. No experimental ressults are at hand for the effects
of low frejuency pulses but extrapclation of data rrom 100 cps
indicates a probable increase in permissible exposure lievels for
pulses repeating at 10 cps or less would be of the order of 20 db
or more.

Tne perscnnel hazard for low frejuency pulses should be subjected
to experimental study. Some work 1is planned at BBN in this area
and ejuipment is avallable for controlled experiments at the
present time. It may be advantageous to augment this work by
experiments directed specifically toward evaluating the effects

o

off an =HMAC source once a more defirite specification of the system
rras deen developed.

.2 Zlectromagnetic Source

h

qT>

s sopposed to the situation of the acoustic source, there 1s no
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undamental limit to the intensity wnich can be propagated in
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ne radar beam (at least within the range of power capabilities
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urrently a availaoie). Thus, the radar pcwer can and should be
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eascG as necessary to utilize the full range for which the
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ic 3ignal is above the background noise, but need not be
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e
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increased further. Some existing radar systems seem adequate
for trhis purpose. The most: important paramzter of the radar
system {or maximizing the range of the EMAC Probe is the radar
wavelength. As discussed in Sec. 2.2 the power reflection
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coefricient Irom a dielectric variation is sensitive to the ratio
of the radar wavelength to the thickness of the dielectric varia-
tion. To have an acdeguate reflecticn the radar wavelength must

be comparable with or smaller than the shock thickness. The shock
becomes thicker as it propagates and thus the range cf the probe
is limited substantially at the distance where the wave front
thickness ejuals the radar wavelength. There exist Doppler radars
such as the FPS-7 and FPS-20 having a wavelength of about 23 cm
which is sufficliently long to provide adequate reflections from
shock waves wlth sound pressure .evels of the order of 120 or 130 db
re 0.0002 microbar.

Other parameters of the electromagnetic source have less effect on
range and can be varied within fairly wide limits. The beam width
can be decreased to give greater detall and higher intensity or

can be increased to cover a larger area. The duty cyclie and search-
ing sequence can be modified depending on the meteoroclogical condi-
ttons and atmespheric parameters of interest.

Since the overall power loss will be very hign it will be necessary
to use such technijues as conerent integration and parametric ampli-
fication to obtain maximum range. It is estimated that, under tne
most favorable conditions, an overall power loss of 239 db can be
permitted between the transmitted and received signal at the limit

of detectability for a system such as the FPS-7 or rPS-20. Using
this information and the method given at the end of Sec. 3 an estimate
of the maximum range of an EMAC Probe system can be made. Such
calculations will be given for a variety of atmospheric conditicns

in Sec. 6.7.
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5. ACCURACY O FEASLREMENT CF ATWOSPHERIC PARAMETERS

6.1 Wind Speed in Direction of Search

Tne local speed of propagation of the acoustic wavefront is the
vector sum of the scund speed and wind speed a(r,t) + Vir,t).
Tr.e measurcS Doppler shift indicates the radial component of

this speed. Tnus,

2a
2 o]
- P . R e
wnere
L = {reguency of returned signal
fo = {'requency of radiated signal
c = speed of light

radial component of sound (wind) speed

1
H
[
—~
<
*3
~
]

£
I

sound speed at source

cr

ne several variables can be seen in

i, = & cos P and

p omsinp=it3nd Voing (6.2)
A1lS0

V‘ =V CcOS 9 so that

a, + Vr =a+ ¥V cos o - g v sin2 ¢, (6.3)
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L

; and radiail direction. The V cos o
y 0

WO W= Lalle vetweed

N

o term except for ¢ ~ GO~ where the

Lo, do.alastes the g V sin
a.récLion of search is perpendicular tc the wind direction. I
the wincé were uniform at all points, the Doppler shift vs ¢

curve would have the form shown in Fig. 6.2

In tnis case, the magnitude and airection of V could be deter-
mined from the shape of the curve. However, if the wind is not
uniform, Eo. (€.3) must be used. Unless the wind is very strong
and ¢ = 900, only the V cos ¢ term is needed. Even in that case,
the maximum error in V would be 109 and this could be reduced by
applying the correction term. The errcr in the Doppler shift
from changes in the direction of propagation is thus falrly smalil.
The shift also depends on the magnitude of the scund speed which
is related to the local temperature, T, by

a = \/vRT
where v = Cp/'CV , R = gas constant.

If T deviates from the temperature at the source, Tb, then there
is a change in f~fo given by

2 ‘o
(]

2
E(a'ao) = o 2T .

This change in socund speeda due to a temperature change would appear

T
the same as a change in the radial wind speed. The value of Aa
corresponding tc various AT's is snown in Table 3.1, Sec. 3.

1l
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the prove 1s peinted vertically, it wiil measure Lhe chanfe or
temperature with altitude and the vertical componeat of the wiad,
Vz. Since VZ is almost alvays less than 5'/%ec, a vertically
pointing prove can measure T as a function of altitude to within
about 30. It Vz is known roughly, then T as a functicn of height
can be found much more accurately. Knowledge of the temperature
2t a specified altitude can then be used in computing horizontal
components of the wind at the corresponding altitude as discussed
in Sec. €.2. A horizontal wind which 1s uniform in direction is a
good assumption when considering alititudes which are high compared
with influencing obstacles on the ground. This assumption will be

used in computing the wind components.

€.2 Vind Directicn

Complete determination of the wind direction requires a determi-

nation of three components of the wind velocity. 1In practice, the {
vertical component, Vé, is much smaller than the other two and can )
be neglected. Under some atmospheric conditioans the vertical

component is far from negligibie but in such cases the vertical

conmponent is confined to rather local areas and examination of

these areas in relation to surroundings can yield vertical velocity

calibration data.

6.21 Single Probe Methods

If the wind 1s assumed fo vary slowly with distance and time. thean
neasurerment of the radial wind in two directions can give inlor-
mation on two components of the wind. Consider the sollowiag
measurements made on two nearby regions at low elevations as shown

in Fig. 6.3.
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the w.oe nas the sane components V., V., V, at (1) and

(.). we ma. ..casure the Doppler shift at (i) and (2). If the
LooLeroture 1S the same at the two locations then the Doppler

o

cnuJts give directly the radial wind velocities, Vf(l),vg(g).
vrom Fig. 0.3 these can be seen to be

- in £ . 2 _
Vr(l) = Vﬁ cos € sin 5 + V& cos 6 cos 5 + Vz sin ¢
(6.4)
v = -V._ ¢cos £ 3in g’. + YV cos @ cos _ll}_ + V. sin ¢
r(2) b ’ 5 % 5 -

vnere ¢ and ¢ are defined in Fig. 6.3

The term V_ sin ¢ can be dropped since both Vz ané @ are small.
s
cos 5 can be set equal to one giving

= in & @
. Vi(l) = V% sin 5 + V& ces 5
— 3 i P é

Vr(e) = Vx sin = + V& cos 5 .

Solving Ea. (€.4') gives

v -z "2y, _ 7)) T Vr(2)
- 2 sin g y 2 cos %

The error inherent in this method can be seen by considering that
tnere is an uncertainty & in each radial velocity measurement.
Then
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axc 15 graphed *a Fig. 6.4,

P

ror ¢ very small, Vk can be determined very poorly as would be

4

xoecteu since both probings are essentially measuring V&. Iin-
creasing ¢ increases the accuracy of wing direction measurements,
vut decreases the probability that the wind and temperature are
he came at poth points of probing. Adding additional regions of

o .

o

neasurement can provide more information on T and V to reduce the
unczertainty as these paramecers change from one point to the next.

6.22 pMultiple Probe Methods

"4.S rmethocd uses several prcoes to sample one region rather than
one probe to sample several regions. Tae wind components are
ottained in the same manner as vwith one probe. The advantage of
this method over the single probe method is that it is nct affected
by spatial variaticns of wind and temperature. However, it does
not seem that this advantage compensates for the additional conm-
plexitys and cost required to erect and coordinate two or more rroce
systems. Various technigues of this type are discussed in the MRI

7
Reports ‘2/

6.3 Turbulence
6.31 Detection and Intensity

Cne effect of turbulence on the acoustic wavefront will be ¢o
cause some parts to move faster or slower than others. Thus,
different parts of the wavefront will have different Poppler
shifts.,

If all parts of tne wavefront had the same speed relative to the
radar, the returned signal would nave a single frejuency and
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vould give a definite Doprler snift. However, if this is not

T

i 31

ct
[11]
(‘)

se, the returned signal will have a spread cf frequencies.
The Doppler shift is measured by comparing the phase difference
vetween transmitted and recelived signals as a function of time.
This phase difference wiil have a form similar to that shown in
Fig. ©.5.
The frequency spectrum of this curve then can provide information
on velocities and turbulence. A possible frequency spectrum is
shown in Fig. 6.6.

Tnie location of the maximum gives the mean radial velocity while
the width of the maximunm gives the rms fluctuation in radial
velocity. These fluctuations result from wind and temperature
inhomogeneities and are related as follows:

!-glg
o

, 2 AT 22,
lAVI‘ + Aa. ] =3 [Avr + 57 ao] = ums (6.6)

O
k
O

vhere AV, AT = ampiitude of velocity, temperature fluctuations
throughout the reflecting region, and w is defined in Eq. (3.30).

6.32 localization

The measurement of Af determines the largest variation in radial
velocity occurring in the echoing region of the wavefront. It

would be very difficult to localize the turbulence to a smaller
regicn than this. It may be expedient, however, to use more than .
one radar ifrequency in order to ve able to obtain extended range

,.o

sAch the lewer {recuency and fine definition of clcse wind struc-
ture with the snort radar waves. <
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0.33 JSuvructural Definition

'

FRST:

(8

v rv scoveral ways that the scale of the turbulence can be
ezcured.. Tne simplest method uses the ract that the width of
the echoing region increases with range and is fairly well known.
The Af for each region measures the full intensity of turbulence
with a scale smaller than the region but only part of the inten-
sity of larger scale turbulence. If the intensity cof {urbulence
is plotted against the size of the 2choing region, a curve liike
Fig.! 6.7 is obtained.

Since there is no increase in turbulence intensity above L = Lmax’
the maximum scale of the turbulence is Ihax‘ It will be much more
difficult to determine the minimum scale of the turbulence. One
possibie method uses the results of Sec. 3. The reflected powver

at large ranges decreases &as SPL/R3 because of spherical divergence
and beam spreading. However, if the wavefront is rough on the scale
of the radar wavelength, the radar reflection will be almost iso-
tropic and the beam will not spread with increasing R. In this

case the reflected power wlll decrease as SPL/Re. In this case,

the existence of turbulence having a scale conmparable with xe can

be determined.

The scale of the turbulence discussed above reiates to the size of
individual turbulent fluctuations or eddies and does not necessarily
reiate to the size of a turbulent region. The size of a turbulent
region must be determined in a different manner. 1If the turbulent
intensity is known for all echoing regions within a large voiume,
contour liines of equal intensity can be drawn which will show the
size and shape of regions of strong turbulence. This method will
work well for turbulent volumes larger than several echoing regions.
Smaller patches of tursulence might be localized by using measure-
ments frox: overlapping echoing regions but since these regions do
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A0t nave ziarn counaaries, the precision of this method will
requlirc experimental evaluation.

€.4 Possibility of Differentiation Fetween Inhomogeneities
of Various Kinds

As seen in Eg. {6.6) temperazture and wind flucturtions affect the
Doppler shift if the same manner. Observations in the atmosphere
show that these fluctuaticns are of the same order of magnitude.

While it will be very difficult to distinguish between temper-
ature and wind fluctuation experimentally, this will not be a
major problem. Variations in wind and temperature are related
theoretically through the equations of atmospherié dynamics.
Thus, experimental knowledge of Af can ricvide information on
both AV and AT. The accuracy of this nethed will probably have
to be determined experimentaliy.

6.5 Temperature Discontinuities

Temperature discontinuities or snarp temperature gradients will
reflsct voth sound znd radar and can be detected in several weys.
Consider the discontinuity shown in Fig. 6.8. At points A, B, C,
where the discontinulty is verpendicular tc the radar beam, the
radar signal will be reflected and will regurn to the probe. This
signal will not have a Doppler shift near —%3 and may be difficult
to detect. Scund reflected ail along the discontinuity will re-
turs to the probe but will not give much information on the shape
o' the discontinuity. It may also be masked by sound reflected
from other objects. The reflected radar and sound waves will give
the information that there is a discontinuity which can be investi-
gated with standard EMAC probe techniques. The transmitted sound
wave will be speeded up (if T, > Tl) and this will appear as an
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Cerow Inothe Dornler cairt vwhose locatlion and magnitude can
v oaCoLareld, Tanic will suifice to cevermine the location and
S ritude of une tenperature aiscontinuity.

¢ Humiaity Changes

lumidisy changes serve to alter the attenuation coefficient of
the scuna waves and the dielectric constant of the air. A change
in attenuation coefficient will considerably alter the range of
the EMAC Probe. Since changes in the wind alter the range in
some directions more than others while humidity changes aliter the
range in all directions, a change in the ¢ rerage range probably
corresponds to a humidity change and can bte used to detect and
measure these changes.

Changes in the dielectric constant of air affect the returned
signal much less than does a change in attenuation coefficient
and will not be very useful for humidity measurements.

Changes in liquid water content should be examined by means of
humidity and water vapor absorption of sound.

6.7 Maximum Range of EMAC Probe

The maximum range of the probe depends on the characteristics of
the acoustic system, the radar system, and the atmosphere. UWe can
control the characteristics of the acoustic and radar system but
cannot control those of the atmosphere. In this section we will
choose some operating varameters ifor the EMAC Probe system and
calculate the maximum range uncer several atmospneric conditions.

The radar system will be characterized by a radar wavelengtn of
23 cm., a radar antenna diameter of 10', and a maximum permittea
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airlf'ereace of 239 db between transmitted and received power
as daiscussed in Section 5.2.

Tiie output oi' the acoustic system will be chosen as a single
pulse but warll te considered to propagate as an acoustic signal
with a fundamental frecuency oi 114 cps and a SPL near the source
of' 175 db. A sound source, 10' in diameter 1s assumed as a plane
circular radiator. This sound field is discussed in Section 4.44
and shown in Fig. 4.17.

The atmospheric parameters for which we will take several values
are the steady transverse wind speed component (V sin ¢), and the
turbulent wind speed {AV). The fractional radar -power reflected
at any range is found by using Figs. 4.17, 2.7, and 2.3 in com-
bination. The received power is then found using the method of
Section 3, page 48. Ve will assume a turbulence scale of s =
100!'. The maximum raunge is found by equating the received power
level to the radiated povier level minus 239 do.

The ma:cimum range for given values of V sin ¢ and AV varies with
the amount of atmocpheric attenuation the sound signal encounters.
This attenuatior may vary by a factor of 10 at any given frequency
depending upon temperature and humidity as detailed in Section 4.3.
Values for the maximum range calculated for several values of V
sin ¢ and AV are presented in Table 6.1a and 6.1t. Table 6.la
represents conditions of low atmospheric attenuation and Table
6.10 represents conditions of high atmospheric attenuation.
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Tabie 6.1b

¢
\ Si;j;\\\\t:sg 0 1'/sec 10'/sec ‘
—_—— === *-..Jl.: ———es ——— —_ = ———— |
0] 50,000! 15,000! 10,000!
10'/éec 500 10,000! 10, 000!
100!/sec 50! 501 9,000
Table 6.1a
&Ly
V sin ¢ 0 1'/sec 10! /sec
= e ——————_
0 20, 000" &, (00! ' 4,000°
101 /sec 500° 3,000° 44,0001
100%/sec 501 501 3, 000! ~
X

It 1s apparent that where a transverse wind occurs there is need
for turbulence in order that a usable amount of the reflected
radar signal be returned to the radar antenna. Without such
turbulence, specular reflection directs the main signal away
from the antenna. Fortunately, where high winds exist, turbu-
lence is usually encountered and in general the turbulence will
be of greater magnitude when the wind velocities are high. Cer-
tainly large turbulence will exist in reglons where there are
large wind gradients which are probably the regions of greatest
interest.
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FIG.6.3 MEASUREMENT OF HORIZONTAL WIND
COMPONENTS WITH SINGLE PROBE
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FIG. 5.8 SOUND AND RADAR REFLECTION
FROM TEMPERATURE DISCONTINUITY
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DRET TRITATATY T TIMTLITAINA P AVSI T
Te PRELIMINARY EAFERIMDNTAL SYOSTEM

Four phases of experimental and developmental study are proposed
which may be undertaken in succession: (I) An experimental study
of radar reflection from sonic boums using suitable existing
Doppler radar installations. (II) An experimental study of a
number of simple, impulsive sound sources and a theoretical
design study for optimizing the most favorable one as an EMAC
component, (III)Construction and acoustical test of the sound
source designed in Phase II. (IV) An experimental study using
the source of Phase III in conjunction with a sultable radar
system. This phase is intended tc demonstrate the practical
range and weather limitations to a first approximation and te
reveal the nature of the more important refinements which should
be incorporated into a working EMAC System.

Phase I

Fhase I is designed to demonstrate the feasibiiity of obtaining
usable Doppler radar returns from snock waves in air,

It is suggested that a suitaole radar system be operated so as to
provide substantially normal incidence upon the ground reflected
sonic boom produced by an aireraft passing directly overhead as
indicated schematically in Fig. 7.l. There is the possibility
of obtaining radar reflections from ground-reflected boom and
also from the high altitude boom, however, these reflections will
be easily separated because of range differences. There is also
the problem of double reflections froum the two shock fronts of
the sonic boom N-wave. The reflecticns from the bow and tail
waves will be added and probably will not be resolvable because
they are generally separated only b; . distance of the order of
100 ft. This addition will involve variable amounts of phase
cancellation depending upon the exact distance between the two
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. ks of the N-wave, Thus, tne returned signals may vary widely A
in amplitude because of this interference phencmenon. At some
ranges, however, (because the distance between the shock fronts .
is continually expanding) the two signals should add in phase
and give four times the reflected power of a single shock. At
these ranges the velocity of the wave should be determinable by
Doppler techniques., The variation in intensity which is antici-
pated by this interference process should prove valuable in
determining the lower 1limit of sensitivity of the system.

o il SRR o A

Study of the returns from both the ground reflection and the .
high altitude booms should provide a measure of the diminution :
of radar reflection with height and with two related sound

intensities at the same height. -

The actual experiment which is contempiated is the observations

cf sonic bocms created by supersonic aircraft providea by the

Air Force. As an example it might be possible tc use one or

both of the two radar stations at North and South Truro on Cape

Cod for such observations. It is anticipated that the FPS-7

and the FPS-6 systems at the ADC installation at North Truro,

and the FPS-20 and FPS-6 systems at the Mitre Corp. installa-

tion at South Truro could be operated by experienced government ‘
personnel under thne direction of the Air Force and suitable

recordings made which can be correlated in time direction and range.

5“3

Acoustic measurements would be made simultaneously. These measure-
ments would be made near the ground at two or three pcsitions

along the ground zero flight path to establish the value of the
shock over-pressure and provide a detailed analysis of N-wave
signature. Several shocks should be cbserved at various times

”
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during the day i: order to determine as far as practicable the
effects of weather upon the shock wave and upon the observable
radar reflection.

zpase 1T

II is designed to utilize the results of Phase I in a
tical study of sources of controlled shock waves which
be adapted to an EMAC Probe ground installation.

nis lcoms although readily available for the initial experiments
.2 ¢ se¢ I obviously have serious limitations as a tool for weather
. v:.tion., Thelr expense 1s prohibitive, their direction of
trav-- is not optimized with respect to the radar, and the charac-
teristics of an N-wave are probably not ideal because of the double
shock and the resulting uncontrolled interference between the two
reflected pulses,

Several sound sources should be investigated including:

1. Yachting cannon

2. Dynamite

3, 1Mi1ld explosives

4, Intermal combustion devices
5. Compressed air discharge

The last of these appears, at the ocutset, to offer the greatest
promise because of the much closer control of the significant
paraneters such as over-pressure, volume change, rise time, decay
time, and discharge products.

Specifically a theoretical study program should be undertaken to
determine in detall the control parameters of such a source and
to determine the necessary power and physizal dimensions which

-7~
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e the useful range., ias a starting point for this
tneorelical analysis accustic measurements should be made of the
shcex wave signatures of o+ limited number of simple impulsive
sources near the ground.

ch

! Prhase I

=4
ls-l

Phase IIT is directed tewu: . the production of an experimental
sound source applicable for use in conjunction with a suitable
radar installation, This prhase depends largely upon the outcome
of Phases I and 1I,

e

Tre cost of the source obviously will depend upon its mode of
operation and firal size as debermined by Phase II. It is
expected that a usable source could be constructed from the
developments of Phases I and II which coulid be tested for its accus-
tic characteristics by ground measurements on an open range such
as Bedford or logan Airport. Ground measurements of the acoustic
pulse should be made over distances, hopefully up to one mile
from the source depending upon the clear range which can be made
available. .

! The operating parameters c¢f the source should be varied by steps

: during these experimental measurements in order to obtain optimunm
values for pulse shaping and for maximizing range. Such tests
might involve a few weeks of performance in order to cover a
range of operating parameters and to encounter at least a moderate
amount of variation in atmospheric conditions. The acoustic scurce
varameters should zlso pe adjusted to minimize personnel hazard
and annoyance without reducing the range significantly.
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Phase IV

Phase IV 1is intended to demonstrate the joint operation of a
suitable radar system and the sound source developed under
Phase III.

The sound source developed under Phase III should be operated
with a suitable radar system. Measurements of the acoustic sig-
nai aiong the ground should be made simultaneously with some of
the near-horizontal radar observations,

Measurements of acoustic wave signatures at elevated heights by
means of balloon-supported microphones should also be conducted
for some of the non-horizontal sound projections} Measurements
at heights beyond those for which cable connections are practical
might also be considered with radic-1link systems.
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8. CUNCLUSIONS

1. The use of a high freguency acoustic beam is the major
limiting factor in the range of the EiMAC Probe system.

2. For long range, 10,000 ft or more, the acoustic signal
should have a frejuency of less than 500 cps.

3. The use of a long wave train for obtaining reinforcement
of the radar reflection involves serious problems which outweign
its advantages.

a) Such a 1long train will require coherent matching
between the radar wavelengths and the sound wavelengths where-
ever the reflection is to be reinforced by this process.
Therefcore, as the wave passes through areas where the ground
velocity of the wave is altered the radar frejuency must be
altered simultaneously. Circultry to enable such frequency
tracking is complex and valuable radar search time will be used
in order to provide a2 wavelength matching adjustment.

b) In turbulent and inhomogeneous areas, scund wavelength
will vary and may be expected to change within the length of the
wave train, thereby restricting the length of the useful beam.

¢) If the acocustic wavelength is increased by reducing the
acoustic frequency as necessary for long range propagation, the
radar wave will rejulre a corresponding increase, and the radar
beam can no longer be maintained as narrow as is necessary for
detailed probing with any practical size of radar antenna.
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d) At the low frequencies required for long range trans-
mission, the length of a wave train itself would preclude
detailed probing of small regions of interest.

e
-

q, As an alternative for the multiple wave train, the use of a
single shock wave front as a radar reflection surface has many
advantages.,

a) The single shock provides a thin reflection surface
which is well defined and thereby provides the best or possibly
optimum condition for the radar reflection.

b) Fore power can be carried by a single shock than can
be carried by a train of sound waves, A shock wave can be
launched as a portion of a sine wave and thereby result in iittle
annoyance to personnel in the vicinity of the launching site,
even though the sound pressure may be extremely high near the
source,

¢) The single sinusoidal pulse can be made as long as is
consistent with the requirements for directing the sound in
desired directions while shading critical areas that may be
affected by the intense sounds. The single pulse, though gen-
erated nearly sinusoidal in shape will deform and become a
shock wave as the wave progresses provided only that its ini-
tial amplitude is sufficiently high. The single shock will
remain sharp for a distance approximately n times as far as a
train of n shock waves having the same length as a single shock,
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d) When the sound wave surface is carried down stream by
the wind the specular reflection of the radar frcm the sound
surface will be directed away from the radar antenna. Turbulence
and homogeneities in the air will serve to roughen the spherical
wave front surface and cause scattering of the radar beam.

The effectiveness of this scattering mechanism for returning
radar power to the antenna is far greater for a single shock
wave than for a train of waves since the latter would have
inherent coherence in the direction of the specular reflection
and would cause a high retension of reflected energy in that
direction even with scattering irregularities,

. 5 A sound source for developing single shock pulses appears

to be relatively simple. A chamber which can be filled with
air and opened explosively should be tried as the actual source.
This might be placed at the focus of the parabolic reflector in
order to obtain “he advantage of directivity.

6. The propagation of a single acoustic pulse through the air
should be studied by a simple experiment. The proposed experi-
ment should include as a minimum the generation of an explosive
signal having high energy at frequencies as low as 100 cps and
this pulse should be tracked with Doppler radar to determine
the magnitude of the signal and the potential range using for
example a 400 megacycle signal and perhaps also a higher
frequency for comparison purposes., It would be desirable
simultaneously to make acoustic measurements of the wave along
the ground at elevaticns as high as practicable as a check unon
the theoretical analysis which is presented in this report.
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e iy iu lnag.ertant Lhaat the radar wavelength ve larger than
tne tnickness ot the acoustic shock wave front for good reflec-
tiun. A preliminary cexperiment should be carried out using
zonic booms to determine the practical thickness of shock fronts
witl. small values of overpressure for a range of atmospheric
conditions. These experiments should include simultaneous
observation of the amount of radar reflected from the measured
tooms, Such experiments should materially aié in the evaluation

o7 tne requirements of an acoustic source for an EMAC Probe

system,
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